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Our job is to figure out what the rest is!

Pie chart of the Universe
Our Universe is (mostly) dark  

and is full of exotic stuff!

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

The Standard Model 
of Particle Physics!
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How do we know about 

the existence of Dark Matter?

Dark Matter is the bulk of the mass 
in galaxies and clusters! 

✓ rotation curves 

✓ gravitational lensing 

✓ hot gas in clusters 

✓ the Bullet Cluster

Observational evidence:



4https://www.physik.uzh.ch/groups/serra/NewPhysics.html

95% of mass of the galaxies is made 
of an unknown component

How do we know the galaxies 
have DM haloes?
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Solar System rotation curve

18 Mira-Cristiana Anisiu

level too. These and many more interesting facts about our universe can be
find in ([2]).

By using Newton’s law of gravitation and the centrifugal force one can
calculate the rotation speed of a mass in circular motion around another one
as a function of the distance to the rotation center.

Newton’s law and the centrifugal force can be written as:

(1) FGrav = G
Mm

r2
, FCentr = m

V 2

r
,

where G is the gravitational constant, M the mass of the center object, m
the mass of the orbiting matter, r the distance between the two and V is the
rotation speed. By equating the forces in (1) we get

(2) GM
m

r2
= m

V 2

r
, hence V =

r
GM

r
.

Through these simple calculations it is shown that the rotation speed decreases
when the distance grows. When the rotation speeds of planets (or stars) are
plotted with respect to the distance from the center of the solar system (or
of a galaxy), a rotation curve is obtained. The rotation curve for our solar
system is found to be precisely in accordance with the theoretical prediction:
planets further out have slower orbital velocities (see left-hand side of Fig. 7).

Figure 7. Rotation curves for the solar system and for the galaxy NGC 3198

The velocity of the stars in galaxies is determined using the Doppler ef-
fect. Being so distant, the change in their position on the sky is too slight to
be measured. The Doppler e↵ect (or the Doppler shift) is the change in fre-
quency or wavelength of a wave emitted by a moving source. It is named after
the Austrian physicist Christian Doppler (1803 – 1853), who described the
phenomenon in relation with the coloured light of stars. For acoustic waves,
the Doppler e↵ect is obvious when hearing the high pitch of the siren of an
approaching ambulance, and notice that its pitch drops when the ambulance
passes by. If we refer to light, the observed wavelength of electromagnetic
radiation is longer (called a red shift) than that emitted by the source when
the source moves away from the observer; the wavelength is shorter (called a
blue shift) when the source moves toward the observer.

An analogy with the Solar  
system gives a good  
example of how we look  
for those dark objects

if the Sun was 4 times as big than  
everything would move twice as fast

…that is how fast you move  
as you move further out from the centre 
       (Tyco Brage’s measurements of orbits)
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The Coma Cluster that marked the discovery of Dark Matter. Credits: Dan Watt

The Coma Cluster: 1000’s of galaxies

Zwicky in 1930’s studied motion of galaxies in the Coma cluster 
and found that some of them are moving way too fast (1000 km/sec) 
to remain bounded by Coma’s gravitational field

Why Coma is still there? 
 
not enough stellar material 
to keep galaxies together at 
such speeds

Zwicky proposed 
“Dunkle Materie” 
as the explanation

It’s not stars, it doesn’t shine, it’s dark, It’s MYSTERIOUS!

three years before Zwicky, a Swedish scientist Knut Lundmark had made the same kind of 
observations and in fact got mass of one of our neighbouring galaxies almost correctly spot on!

https://www.astrobin.com/fh0dto/C/
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Ohio, 1974 – 1999) when he visited Georgetown University in 1963. By 1964
she recognized that observing was very important to her, so she chose to
give up teaching. On April 1, 1965, she was accepted as sta↵ member at
the Department of Terrestrial Magnetism (DTM), one of the branches of the
Carnegie Institution of Washington, being the first woman there. Vera Rubin
(Fig. 8, Credit: Carnegie Institution of Washington) continued her research
and mentorship until her death in 2016.

She made herself observations on the rotation of galaxies since 1963 at Kitt
Peak National Observatory in Arizona and at the McDonald Observatory in
Texas. In December 1965, she was the first woman o�cially admitted at the
Palomar Observatory (she confessed that astronomer Margaret Burbidge did
some observations there earlier, but near her husband Geo↵rey).

At DTM she met Dr. Kent Ford, who had just returned from the Mount
Wilson Observatory, where he had tested his new image tube spectrograph.
His electro-optical device decreased observing time by a factor of up to ten
compared to the conventional photographic plate. Ford handed her a photo-
graphic plate and asked her to measure the stars’ velocities. That was the
beginning of their long and fruitful collaboration. They used the spectrograph
at first in August 1965 at the Lowell Observatory in Flagsta↵, then at the Kitt
Peak National Observatory in Arizona, and in 1981-82 at the Cerro Tololo
Inter-American Observatory and the Carnegie Observatory in Las Campanas,
Chile, to determine the orbital velocities of stars and gas as they circle the
centers of their galaxies. They were interested in the study of the internal
dynamics and distribution of mass in galaxies in relation with their size and
form, and they published several papers together with other collaborators.

Figure 8. Vera Rubin in 1974
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Mother of Dark Matter
work by Vera Rubin and collaborators in 1970’s  
that nailed it down that DM has to exist!

In every galaxy they looked at, things 
were whizzing around too rapidly, and they 
could not explain that!

Dark Matter problem



8

Galactic rotation curve
✓ watch stars and gas moving  
  around in the middle 

✓ the speeds of those objects in  
  an orbit here are determined  
  by how much there is mass  
  there in the middle 

✓ If there is more mass in the middle  
  than these things move faster

stars do not slow down 
with distance!

same as for 
Solar system



9Credit: F. Courbin, S. G. Djorgovski, G. Meylan, et al., Caltech / EPFL / WMKO
NASA/STScI

Mass bends light! Einstein’s lensing

distorted shapes,  
          multiple images!
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Mass distribution of CL0024 (courtesy of Tony Tyson, Lucent Technologies)

When you reconstruct how much mass there is between the distant galaxy and us, 
you get pictures like this

For Hubble space telescope data

the amount of mass  
at different locations galaxy

mostly Dark Matter 
between galaxies/clusters

Galaxies are like sprinkles on Dark Matter ice cream!



11The Bullet Cluster, originally detected using weak lensing NASA/CXC/CfA/M.Markevitch et al.

Bullet Cluster
two clusters of galaxies that collided with one another

ordinary material 
is stuck due to friction 
(X ray observations)

Collisionless Dark Matter haloes 
pass through unnoticed 
(“seen” through lensing)

We have a clear distinction between the way the ordinary matter behaves 
            and the way Dark Matter does!
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Gravity pulls mass towards denser-than-average regions – 

the universe grows lumpier with time.  However, there's too 

little luminous mass in the universe to explain its lumpiness. 

There must be dark matter we're detecting only via gravity.

Time in billions of years

0.5 2.2 5.9 8.6 13.7

Size of expanding box in millions of light-years

13 35 70 93 140

Dark Matter in Large Scale Structure (LSS) formation
✓ initial conditions from inflation  

 (uniform matter distribution in early U.) 

✓  Dark Matter particles (in blue) come together  
 to make galaxies, clusters (Cosmic Web of LSS) 

✓  The overdense regions accrete more mass 
 and grow, less dense regions become voids  

✓  Ordinary atoms talk to light that streams out 
 pulling out any clustering of matter 

✓  Computer simulations with Dark Matter  
 match the data (long filaments of clusters)

Without Dark Matter we would not be able to exist!
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How do we look for Dark Matter in laboratory?
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EVENT RECONSTRUCTION
Event reconstruction: deciphering the detector signals 

what are the outgoing particles? 

what are their momenta, energy, …?

49
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Microscopic physics
(particle interactions,

scattering…)

Large-distance phenomena
(hadronisation, propagation, jets…) Detector response

Particle colliders are the world’s best microscopes!

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

BUT! no hints of Dark Matter particle yet!
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FIG. 3. The 90% CL upper limit of SI DM-nucleon elas-
tic cross section vs mω from this work (red), overlaid with
that from the LZ 2023 [3] (cyan), XENONnT 2023 [4] (or-
ange, extended to 10 TeV/c2 with a 1/mω scaling, →1ω power
constrained) and PandaX-4T 2021 [2] (black). The shaded
green region represents the ±1ω sensitivity band of this work,
overlaid with its own median curve (red dashed line) and the
median sensitivity of PandaX-4T Run0 (black dashed line).

Conclusion— In summary, we present the results of
a DM search from a combined analysis of data col-
lected during Run0 and Run1 at PandaX-4T, with Run1
data treated in a fully blinded manner, amounting to
a cumulative live exposure of 1.54 tonne·year. No sig-
nificant event excess is observed above the expected
background. Our analysis derives the 90% CL up-
per limits on the spin-independent DM-nucleon scat-
tering cross section, with the lowest excluded value of
1.6 → 10→47 cm2 at 40 GeV/c2 DM mass. These find-
ings establish a new, stringent constraint at a DM mass
exceeding 100 GeV/c2 . During the CJPL construction
shutdown, PandaX-4T completed upgrades to its PMT,
electronics, DAQ, and external water veto systems. The
second science run has now commenced, with ongoing
e!orts to further suppress background. We expect that
the sensitivity of the DM search will improve by a factor
of 2-3 with a complete 6-tonne·year exposure.

Acknowledgement— This project is supported in
part by Grants from National Key R&D Program of
China (Nos. 2023YFA1606200, 2023YFA1606201), Na-
tional Science Foundation of China (No. 12090060,
No. 12090061, No. 12205181, No. 12222505, No.
12325505, No. U23B2070), and by O”ce of Science and
Technology, Shanghai Municipal Government (grant No.
21TQ1400218, No. 22JC1410100, No. 23JC1410200, No.
ZJ2023-ZD-003). We are thankful for the support by the
Fundamental Research Funds for the Central Universi-
ties. We also thank the sponsorship from the Chinese
Academy of Sciences Center for Excellence in Particle
Physics (CCEPP), Hongwen Foundation in Hong Kong,

New Cornerstone Science Foundation, Tencent Founda-
tion in China, and Yangyang Development Fund. Finally,
we thank the CJPL administration and the Yalong River
Hydropower Development Company Ltd. for indispens-
able logistical support and other help.
This work is the result of the contributions and ef-

forts of all participating institutes of the PandaX Col-
laboration, under the leadership of the hosting institute,
Shanghai Jiao Tong University. The collaboration has
constructed and operated the PandaX-4T apparatus, and
performed the data processing, calibration, and data se-
lections. J. Liu is the Collaboration Spokesperson. Z.
Bo, Z. Gao, C. Han, J. Li, Y. Luo, Z. Qian, Y. Yun, X.
Zeng, M. Zhang, S. Zhang, and Y. Zhou performed the
data analysis and hypothesis test under the guidance of
Y. Tao. X. Zeng, M. Zhang, and Y. Zhou mainly studied
the data selection. Z. Bo, Y. Luo, and S. Zhang mainly
studied the signal response. Z. Qian, J. Li, Y. Yun, and
Z. Gao mainly studied the background. C. Han mainly
performed the hypothesis test. The paper draft was pre-
pared by Y. Tao, and extensively edited by J. Liu. All
authors approved the final version of the manuscript.

Appendix— Alternative DM models results: Signifi-
cant abundance of odd-A xenon isotopes have non-zero
nuclear spin (26.4% spin-1/2 129Xe and 21.2% spin-3/2
131Xe in natural xenon). Using the same 1.54 tonne·year
physics data of PandaX-4T, we also perform dedicated
searches on spin-dependent (SD) WIMP-nucleon interac-
tion, with xenon nucleus spin structure factors for neu-
tron and proton taken from a chiral e!ective theory cal-
culation [41]. The 90% CL upper limits of “neutron-
only” and “proton-only” cases are shown in Fig. 4 and
Fig. 5, respectively, overlaid with the latest updates of
SD-constraints from the xenon-based experiments [2–4].
Beyond the generic SI or SD interaction, we also test an

ultra-violate complete model with PandaX-4T data, the
two-Higgs-doublet model with a pseudo-scalar mediator
(a) connecting the dark sector to the Standard Model
particles. This model is referred to as the 2HDM+a
Model [44, 45], which has been widely searched in collider
experiments [43]. In such a model, the SI-interaction is
velocity suppressed at the tree level, leading to a more im-
portant loop contribution [46, 47]. The DM-nucleon elas-
tic scattering formalism in this model is given in Ref. [44].
To directly compare to earlier works, in this letter, the
2HDM+a model parameters are fixed to the values in
Ref. [43]. The 95% CL upper limits on the ratio of the
excluded cross section (ω) to the nominal cross section of
the model (ωtheory) are shown. The results are shown in
Fig. 6.
Event limits and sensitivity: Figure 7 presents the

Run0+Run1 combined limits in number of DM events.
Discovery median sensitivity: Figure 8 presents the 3ω

discovery median sensitivity, which represents the cross-
section that yields a p-value of 1.4→ 10→3 [36] to be con-
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The WIMP miracle...

!h2 → 0.12 ↑
(

3 ↑ 10→26 cm3 s→1

↓ωv↔

)

... and the most optimistic status for WIMP searches

PandaX Collaboration, PRL 134, 011805 (2025)
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Fig. 6.
Event limits and sensitivity: Figure 7 presents the

Run0+Run1 combined limits in number of DM events.
Discovery median sensitivity: Figure 8 presents the 3ω

discovery median sensitivity, which represents the cross-
section that yields a p-value of 1.4→ 10→3 [36] to be con-
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In this Letter, we report the dark matter search results from the commissioning run (Run0) and
the first science run (Run1) of the PandaX-4T experiment. The two datasets were processed with a
unified procedure, with the Run1 data treated blindly. The data processing is improved compared
to previous work, unifying the low-level signal reconstruction in a wide energy range up to 120 keV.
With a total exposure of 1.54 tonne·year, no significant excess of nuclear recoil events is found. The
lowest 90% confidence level exclusion on the spin-independent cross section is 1.6 → 10→47 cm2 at
a dark matter mass of 40 GeV/c2 . Our results represent the most stringent constraint for a dark
matter mass above 100 GeV/c2 .

Introduction— Overwhelming astrophysical and cos-
mological evidence points to the existence of dark mat-

ter (DM) in our Universe [1]. Direct detection of dark
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Natural WIMP relic abundance determined by weak-scale and weak-coupling:

BUT! Null results from Direct Detection measurements so far!

``Natural´´ weak-scale WIMPs
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Other particle candidates: Axions

Some DM candidates: Axions
F. Chadha-Day et al., Sci. Adv. 8 (2022) no.8, abj3618

F. Chadha-Day et al., Sci. Adv. 8 (2022) no.8



16

Other particle candidates: Dark Photons 

Some DM candidates: Dark Photons
A. Caputo et al., Phys. Rev. D 104 (2021) no.9, 095029

Kinetic mixing between electromagnetism and an extra U(1)

L = → ω

2
FµωF

→µω

Some DM candidates: Dark Photons
A. Caputo et al., Phys. Rev. D 104 (2021) no.9, 095029

Kinetic mixing between electromagnetism and an extra U(1)

L = → ω

2
FµωF

→µω

Kinetically mix with electromagnetism: A. Caputo et al., PRD 104, 095029 (2021)
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Other particle candidates: Sterile neutrinos 
Some DM candidates: sterile neutrinos
A. Boyarsky et al., Prog. Part. Nucl. Phys. 104 (2019), 1-45

A. Boyarsky et al., Prog. Part. Nucl. Phys. 104 (2019)

Mix with active neutrinos…
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Important physical examples of gauge fields are realised in Nature:  
QCD and electroweak interactions
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Non-perturbative QCD phenomena are far from being understood:  
quark confinement, mass gap, QCD phase transitions,  
hot/dense QCD phenomena etc
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Non-abelian gauge (Yang-Mills) fields are present in most of  
UV completions of the Standard Model:  
GUTs, string/EDs compactifications etc
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Confining hidden Yang-Mills sectors are often considered as a plausible  
source of Dark Matter in the Universe:  
dark scalar/vector glueballs, dark pions, dark baryons etc
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Particular focus here:  
on non-perturbative confining dynamics in cosmology: glueball abundance 
in the Universe  
and searches for Dark Matter:  
prospects and challenges of direct detection or “dark gluonic composites”

Strongly coupled dynamics and Dark Matter
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measuring departure from the w = 1/3 case; see Equation (6). At the endpoints Dheff(T2) =
Dheff(T1) = 0 but for w(T) < 1/3, it is always positive Dheff(T) > 0, cf. Equation (7). Hence,
the initial drop in the entropy DoFs, heff(T), always precedes the jump in the energy density
DoFs, geff(T). This leads to the following “coarse-grained" scenario for the PBH formation: the
reduction in heff(T) occurring for T2 > T > TSP is followed by a fall in geff(T) for T1 > T > TSP.
An excess in entropy ⇠ Dheff(TSP) lost by the radiation during its cooling is dumped into the
collapsing matter, emerging eventually in the form of PBHs — the matter with the largest
entropy density in the universe [133]. This may explain why even at the present stage of the
universe evolution, there is by a huge factor far more entropy in supermassive black holes
(BHs) in galactic centers than in all other sources of entropy put together [134].

Assuming that the amplitude of the primordial curvature fluctuations is approximately
scale-invariant [128], one obtains from Equation (10) the mass spectrum of PBHs fPBH(M)
shown on the right panel of Figure 4. The peaks at M ' 10�6, 2, 30 and 106M� correspond
to the EW and QCD phase transitions, to pions and muons becoming non-relativistic and
to e+e� annihilation, respectively. The latter may also provide seeds for the supermassive
BHs’ formation in galactic nuclei. The largest contribution to fPBH(M) comes from the PBHs
formed at the QCD transition epoch and that would naturally have the Chandrasekhar mass
(1.4 M�) [128]. Moreover, the peak in the range 1-10 Mrm� could explain the LIGO/Virgo
observations [123]. The latter favor mergers with low effective spins as expected for PBHs,
but it is hard to explain BHs of stellar origin [135].

The simple analytical models that describe the dynamical process of gravitational collapse
which may be relevant for PBH formation were studied in Ref. [136]. It is also worth noting that
the gravitational collapse of large inhomogeneities during the quark-hadron transition epoch
may also explain the baryon asymmetry of the universe [137]. The asymmetry can be generated
in local hot spots through the violent process of PBH formation at the QCD transition triggered
by a sudden drop in the radiation pressure and the presence of large amplitude curvature
fluctuations caused by the axion field — the subject to be discussed in Section 2.6.

2.3. Perturbative and Strongly Coupled Regimes of QCD
An important contribution to the effective number of relativistic DoFs, geff, comes from

the hadron-to-QGP phase transition — see a big jump in the interval 102 . T . 103 MeV
in Figure 3 (right panel). At higher temperatures, in the QGP region, the strength of the
interactions between the quarks and gluons is set by the QCD coupling aS(Q) which at the
one-loop order of perturbation theory takes the form,

aS(Q) '
2p

b0 ln(Q/LQCD)
, b0=11�

2
3

NF , (12)

where Q is the momentum transferred during the interaction, LQCD ' 200 MeV is the charac-
teristic QCD scale, and NF is the number of active quark flavors. The logarithmic decrease of
aS(Q) with increasing Q, i.e., with decreasing distance among the quarks and gluons, is due to
the fact that, in contrast to the photon in QED, the force carriers in QCD, the gluons, have color
charge. Their exchanges in higher-order processes involving both the quarks and the gluons
occur more frequently with increasing Q and lead to a color charge spread (or anti-screening).
Indeed, the gluon multiplicity increases at low momentum fractions corresponding to the limit
of large energies. Dilution of the initial color charge is responsible for the weakening of aS at
small distances ` ⌧ L�1

QCD, i.e., when the quark experiences a large momentum transfer Q,
see Equation (12). This effect known as asymptotic freedom [31,32,138] is illustrated on the
left panel of Figure 5 where the values of the aS(Q) extracted from proton-(anti)proton and
lepton-proton collisions are shown [139]. In agreement with Equation (12), a slow logarithmic
decrease from aS(Qmin=5 GeV) = 0.22 to aS(Qmax=1500 GeV) = 0.08 is observed.
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DM stability: violation of the global flavour symmetries of the composite EFT 
is extremely suppressed in analogy to the baryon number in the SM
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Naturalness: like in QCD, emergence of the confinement scale through 
dimensional transmutation is technically natural
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DM neutrality: confinement can lead to SM-neutral dark hadrons
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Suppressed interactions: EFT operators are naturally suppressed by the 
confinement scale in IR, in addition to a strong suppression by a heavy ‘portal’ 
mediating the dark gauge and visible SM sectors in the UV
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Self-interactions: similarly to QCD hadrons, and with proper arrangements  
of the scales may provide a natural explanation for galactic-structure anomalies 
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New observables: with plethora for new opportunities for measurements: 
new channels for direct/indirect detection, inelastic scattering to excited 
states, dark absorption, new effects on CMB and       , new opportunities for 
collider searches

expressed in terms of higher dimensional operators involving (pairs of) dark matter fields

with standard model fields, suppressed by powers of the dark confinement scale. This can

provide a beautiful mechanism to suppress dark matter scattering o↵ nuclei, below the tight

experimental bounds that exist from direct detection experiments. The coe�cients of the

dark moments can in principle be computed from the underlying ultraviolet theory. This

is a major motivation for lattice simulations that can provide superior estimates of the

coe�cients of the dark moments over naive dimensional analysis power counting.

Self-interactions. Strongly-coupled theories naturally have strong self-interactions

among the mesons and baryons. If the scales are arranged appropriately, these self-

interactions may be responsible for addressing the observed galactic structure anomalies[6–

10]. This has provided a strong motivation for recent consideration of strongly-coupled

self-interacting dark matter [19, 22–26].

New observables. The rich spectrum of dark hadrons that appear after the dark non-

Abelian theory confines provide a plethora of experimental targets. This includes novel

detection strategies such as inelastic scattering to excited states [27–29], dark absorption

lines [30, 31], e↵ects on the CMB and Ne↵ [32, 33] and a host of collider phenomenology

consequences (to be discussed below). We note that although not focused on dark mat-

ter models, spectroscopy of SU(N) gauge theories in the large-N limit has been studied

extensively on the lattice [34–37].

B. Meson dark matter I: Pion-like

There are three broad classes of composite dark matter made from mesons of a confining,

strongly-coupled non-Abelian group: pion-like (mq ⌧ ⇤d), quarkonia-like (mq � ⇤d), and

an intermediate regime (mq ⇠ ⇤d) or mixed regime (mq1 < ⇤d < mq2). Meson stability

relies on accidental dark flavor (or “species” [38]) symmetries. The dark flavor symmetries

could be continuous or discrete, such as G-parity [39].

Several models of pion-like dark matter have been proposed [39–49]. One reason for

their popularity is familiarity from QCD, and specifically, utilizing chiral e↵ective theory

techniques to characterize the mass spectrum and pion interactions. In the following, we

describe only a selection of models that have been proposed.

Weakly interacting stable pions was proposed in Ref.[39]. In this theory, stability is

6
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Pion-like

Y. Bai and R. J. Hill, Phys. Rev. D82, 111701 (2010)
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Fermions in fundamental representation ) chiral phase transition
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Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

Flavour G-parity

expressed in terms of higher dimensional operators involving (pairs of) dark matter fields

with standard model fields, suppressed by powers of the dark confinement scale. This can

provide a beautiful mechanism to suppress dark matter scattering o↵ nuclei, below the tight
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10]. This has provided a strong motivation for recent consideration of strongly-coupled

self-interacting dark matter [19, 22–26].

New observables. The rich spectrum of dark hadrons that appear after the dark non-

Abelian theory confines provide a plethora of experimental targets. This includes novel

detection strategies such as inelastic scattering to excited states [27–29], dark absorption

lines [30, 31], e↵ects on the CMB and Ne↵ [32, 33] and a host of collider phenomenology

consequences (to be discussed below). We note that although not focused on dark mat-

ter models, spectroscopy of SU(N) gauge theories in the large-N limit has been studied

extensively on the lattice [34–37].

B. Meson dark matter I: Pion-like

There are three broad classes of composite dark matter made from mesons of a confining,

strongly-coupled non-Abelian group: pion-like (mq ⌧ ⇤d), quarkonia-like (mq � ⇤d), and

an intermediate regime (mq ⇠ ⇤d) or mixed regime (mq1 < ⇤d < mq2). Meson stability

relies on accidental dark flavor (or “species” [38]) symmetries. The dark flavor symmetries

could be continuous or discrete, such as G-parity [39].

Several models of pion-like dark matter have been proposed [39–49]. One reason for

their popularity is familiarity from QCD, and specifically, utilizing chiral e↵ective theory

techniques to characterize the mass spectrum and pion interactions. In the following, we

describe only a selection of models that have been proposed.

Weakly interacting stable pions was proposed in Ref.[39]. In this theory, stability is
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Baryon-like pions

Hochberg at al, PRL 115, 021301 (2015)

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

SIMP with WZW action and dark photon portal
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Meson-like
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Composite inelastic DM

mass and kinetic mixing that enable this mechanism were presented in [49]. Principally, the

pions cannot decay into dark photons. This can be guaranteed if all the pions transform

non-trivially under part of the unbroken flavor symmetry. And, near degeneracy of the dark

quarks is required, so that at least five di↵erent pions participate in the 3 ! 2 process via

the WZW term.

C. Meson dark matter II: Quarkonium-like

In the regime where there is at least one heavy dark fermion with mass mq > ⇤d, heavy

quark e↵ective theory can be applied, and qualitative di↵erences from the pion-like theories

result.

One example of this class of model is “composite inelastic dark matter” [28, 51, 52],

where dark matter is a meson made from one light and one heavy quark. In this theory, the

hyperfine interactions split the ground state by a small energy that can be relevant to dark

matter direct detection. The possibility that dark matter may have its dominant interaction

with nuclei through an inelastic scattering process is well known [53–55]. Strongly-coupled

composite theories provide a natural home for small inelastic transitions, and this can lead

to a rich spectroscopy.

In the regime where all of the dark fermions are heavier than the confinement scale leads

to another class of composite dark matter generally known as “quirky 3 dark matter” [31].

The dark fermions were taken to be in a chiral representation of the electroweak group, using

the Higgs mechanism to give them mass. For the specific theory of SU(2), it was known

[57, 58] that confinement aligned the vacuum towards an electroweak preserving minimum,

and thus not substantially a↵ecting electroweak symmetry breaking. In addition, with the

bound states containing exactly two heavy dark fermions, a perturbative non-relativistic

treatment of the composite dark matter mesons is possible. This allowed an estimate of the

excited meson masses, as well as the coe�cients of the e↵ective operators leading to quirky

dark matter scattering with nuclei. Quirkonium production and decay were considered in

[59, 60].

3 The name “quirky” came from a fascinating class of theories that postulate new dark fermions that

transform under part of the standard model, and also transform under a new non-Abelian group that

confines at a scale far below the mass of the fermions.[56]
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Nussinov, Phys. Lett. B165, 55 (1985); 
Appelquist et al. , Phys. Rev. D88, 014502 (2013);  
Pasechnik et al, Int. J. Mod. Phys. A 31 (2016) 08, 1650036; 
                 Eur. Phys. J. C 74 (2014) 2728
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T. Appelquist et al., Phys. Rev. D92, 075030 (2015)
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Dark glueballs

J. E. Juknevich, JHEP 08 (2010) 121;  
Biondini et al, Phys. Lett. B 857 (2024) 138995

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

Vector glueballs
A. E. Faraggi,  M. Pospelov, Astropart. Phys. 16 (2002) 451; 
Carenza, Pasechnik, Salinas, Wang,  
               PRL 129 (2022) 26; PRL 135 (2025) 2 
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Scalar glueballs
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Hidden gauge sectors: confining sectors

Many works on confining dark SU(N)

I Self-interacting DM
E. D. Carlson et al., Astrophys. J. 398 (1992), 43-52

I Glueball phenomenology
A. Soni and Y. Zhang, Phys. Rev. D 93 (2016) no.11, 115025

I The dark glueball problem
J. Halverson et al., Phys. Rev. D 95 (2017) no.4, 043527

I The nightmare scenario
R. Garani et al., JHEP 12 (2021), 139

I Thermal Squeezeout
P. Asadi et al., Phys. Rev. D 104 (2021) no.9, 095013

I Gravitational waves from confinement
W. C. Huang et al., Phys. Rev. D 104 (2021) no.3, 035005

One step back to focus the problem

I Do we need to describe the cosmological evolution of the dark
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I Is there any constraint on glueball self-interactions?

I Is there a reliable estimate of the glueball relic density?
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Let us push the fermion mass scale way above the confinement scale: dark pure SU(N)!
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Pure gluons

Kang, Zhu, Matsuzaki, JHEP 09 (2021) 060; 
Huang, Reichert, Sannino, Wang, PRD 104 (2021) 035005
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Gluons + fermions
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Polyakov loop model

Matrix model

Holographic QCD model

Halverson, Long, Maiti, Nelson, Salinas, JHEP 05 (2021) 154

Ares, Henriksson, Hindmarsh, Hoyos, Jokela, PRD 105 (2022) 
066020; PRL 128 (2022) 131101

Polyakov loop improved Nambu-Jona-Lasinio model
Reichert, Sannino, Wang, Zhang, JHEP 01 (2022) 003;  
Helmboldt, Kubo, Woude, PRD 100 (2019) 055025

Linear sigma model

Polyakov Quark Meson model

Helmboldt, Kubo, Woude, PRD 100 (2019) 055025

RP, Reichert, Sannino, Wang, JHEP 02 (2024) 159

Confining Yang-Mills theories are well studied by lattice simulations,  
and the robust results are available

Strongly coupled sectors at finite temperatures
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Polyakov Loop Model
The Polyakov loop model
R. D. Pisarski, Phys. Rev. D 62 (2000), 111501

At temperature T , for SU(N), we define

ω (x) =
1
N

Tr[L] → 1
N

Tr

[
P exp

[
i g

ˆ 1/T

0
A0(ε, x)dε

]]

with A0 time component vector potential

P. M. Lo et al., Phys. Rev. D 88 (2013), 074502

R. D. Pisarski, Phys. Rev. D 62 (2000), 111501

The Polyakov loop model
R. D. Pisarski, Phys. Rev. D 62 (2000), 111501
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ω (x) =
1
N

Tr[L] → 1
N

Tr

[
P exp

[
i g

ˆ 1/T

0
A0(ε, x)dε

]]

with A0 time component vector potential

P. M. Lo et al., Phys. Rev. D 88 (2013), 074502

P. M. Lo et al., Phys. Rev. D 88 (2013), 074502
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E!ective potential

The behaviour of ω is described as a field in an e!ective potential

V[ω] = T
4

(
→ b2(T )

2
|ω|2 + b4|ω|4 → b3

(
ωN + ω→N

)
+ b6|ω|6 + b8|ω|8

)

determined by symmetry arguments

PLM potential

Carenza, RP, Salinas, Wang, PRL 129, 26 (2022) 26

Carenza, Ferreira, RP and Wang, PRD 108, 12 (2023) 
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Fitting the PLM potential to the lattice dataFitting the Coefficients Using the Lattice Results: I
Marco Panero, Phys.Rev.Lett. 103 (2009) 232001
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Marco Panero, Phys.Rev.Lett. 103 (2009) 232001

Pressure

Fitting the Coefficients Using the Lattice Results: II
Marco Panero, Phys.Rev.Lett. 103 (2009) 232001
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Trace of the EMT

Fitting the Coefficients Using the Lattice Results: I
Marco Panero, Phys.Rev.Lett. 103 (2009) 232001
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Best fit of the PLM potential

Fitting the Coefficients Using the Lattice Results: III
(Huang, Reichert, Sannino and Z-W W, PRD 104 (2021) 035005

Fitted to lattice data of pressure and the trace of energy momentum tensor.

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 14 / 56

Huang, Reichert, Sannino and Wang, PRD 104 (2021) 035005

Lattice data

PLM well captures essential 
thermodynamical observables 

predicted by lattice simulations
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Dark gluon-glueball dynamicsRigorous Dark Gluon-glueball Dynamics
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

In the literature, for glueball dark matter production, only �
5 interaction is

considered, making the 3 ! 2 annihilation the only relevant process for
DM formation
However, since glueball is strongly coupled, this naive calculation is not
rigorous. A non-perturbative method is required.
The dark gluon-glueball dynamics can be effectively described by
considering the dimension-4 glueball field H / tr(Gµ⌫

Gµ⌫):

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] .

To canonically normalize this field, we introduce � as H = 2�8
c
�2

�
4

We keep the lowest order in P[`] to satisfy the symmetry:

P[`] = c1|`|2 ,

where c1 is determined by the lattice results (jumping of gluon
condensate).

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 46 / 56

Carenza, RP, Salinas, Wang, PRL129 (2022) no.26, 26
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4

For H we have now:

〈H〉 =
Λ4

e
exp

[

−2b1
α

2a2

]

=
Λ4

e
exp [−2b1] . (24)

In the last step we normalized 〈"〉 to unity at high tem-
perature. In order for the previous solutions to be valid
we need to operate in the following temperature regime:

T $
4

√

b1
α
〈H〉 ≈ Tc. (25)

We find that at sufficiently high temperature 〈H〉 is ex-
ponentially suppressed and the suppression rate is de-
termined solely by the glueball – "2 mixing term en-
coded in P ["]. The coefficient b1 should be large (or
increase with the temperature) since we expect a van-
ishing gluon-condensate at asymptotically high tempera-
tures. Clearly it is crucial to determine all of these coeffi-
cients via first principle lattice simulations. The qualita-
tive picture which emerges in our analysis is summarized
in Fig. 1.

FIG. 1: The thin line is the gluon condensate 〈H〉 normal-
ized to Λ4/e as function of the temperature. The thick line
represents the normalized to unity 〈!〉 as function of the tem-
perature. We have chosen for illustration α = 1, b1 = 1.45
and Tc # 1.16Λ.

IV. THE THREE COLOR THEORY

Z3 is the global symmetry group for the three color
case while " is a complex field. The functions V ["] and
P ["] are:

V ["] = a1|"|
2 + a2|"|

4 − a3("
3 + "∗3) +O("5),

P ["] = b1|"|
2 +O("3), (26)

with a1, a2, a3 and b1 unknown temperature dependent
coefficients which can be determined using lattice data.
In this paper we want to investigate the general relation
between glueballs and " so we will not try to find the best
parameterization to fit the lattice data. In the spirit of

the mean field theory we take a2, a3 and b1 to be positive
constants while a1 = α(T∗ − T )/T . With " = |"|eiϕ the
extrema are now obtained by differentiating the potential
with respect to H , |"| and ϕ:

∂V

∂H
=

ln

2

[

eH

Λ4

]

+ P ["] =
ln

2

[

eH

Λ4

]

+ b1|"|
2 = 0,

∂V

∂|"|
= 2|"|T 4

(

a1 +
H

T 4
b1 − 3a3|"| cos(3ϕ) + 2a2|"|

2

)

= 0,

∂V

∂ϕ
= 6|"|3 sin(3ϕ) = 0. (27)

At small temperature the H/T 4 term in the second equa-
tion dominates and the solution is 〈|"|〉 = 0, 〈H〉 = Λ4/e
and the last equation is verified for any 〈ϕ〉, so we choose
〈ϕ〉 = 0. The second equation can have two more solu-
tions:

3

4

a3
a2

±

√

9

16

a23
a22

+
α(T − T∗)

2Ta2
−

b1H

2a2T 4
, (28)

whenever the square root is well defined (i.e. at suf-
ficiently high temperatures). The negative sign corre-
sponds to a relative maximum while the positive one to
a relative minimum. We have then to evaluate the free
energy value (i.e. the effective thermal potential) at the
relative minimum and compare it with the one at " = 0.
The temperature value for which the two minima have
the same free energy is defined as the critical tempera-
ture and is:

Tc =

[

T∗ +
b1
eα

Λ4

T 3
c

]

αa2
αa2 + a23

. (29)

When a3 vanishes we recover the second order type criti-
cal temperature Tc. To derive the previous expression we
held fix the value of H to Λ4/e at the transition point.
In a more refined treatment one should not make such
an assumption. Below this temperature the minimum is
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tional renormalization group [40–59]. Here, we describe
the dynamics of dark glueballs by means of an e↵ective
field theory [37].

At non-vanishing temperatures T , the ZN center of
SU(N) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged under ZN . The Polyakov loop is a remarkable
example, defined as
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N
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0
A0(⌧,x)d⌧

##
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where P denotes path ordering, A0 is the time component
of the vector potential associated with this gauge group, g
is the SU(N) coupling constant and (⌧,x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N) gauge
group [60] under which it transforms as ` ! z` with
z 2 ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills confinement phase
transition at temperature Tc ⇠ ⇤ [60]. This observation
was exploited to model the phase transition in a mean
field approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [51]. This model captures
the essential features of confinement phase transition in
SU(N) theories with N � 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
field H and the Polyakov loop ` in a unified description,
with an e↵ective temperature-dependent potential given
by [37]

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] , (2)

where the first term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], ⇤ is the confinement scale of the theory,
and V [`] and P [`] are assumed to be real polynomials in `

and invariant under ZN , with coe�cients that depend on
fits to lattice data. Thermal corrections are included in
VT [H], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. (2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 �5.73 8.49 �9.29 0.27 2.40 4.53

TABLE I. Parameters of the e↵ective potential in Eq. (5).

with di↵erent charges under ZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. (2) is negligible. Since the glueballs are rel-
atively heavy compared to the ⇤ scale their temperature
contribution VT [H] can also be disregarded in the first ap-
proximation [37]. We leave a refined analysis accounting
for thermal e↵ects in the glueball potential for a future
investigation.

In the opposite limit, T � Tc, in the deconfined phase,
the term T

4V[`] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
confinement scale ⇤ and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc ⇠
1.61⇤ for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]

L =
c

2

@µH@
µH

H3/2
� V [H, `] , (3)

where

c =
1

2
p
e

✓
⇤

mgb

◆2

(4)

is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of `. This corresponds
to neglect the non-trivial dynamics of a first order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball field H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball field H in terms of a canonically nor-
malised scalar field � as H = 2�8

c
�2

�
4, and from this

point on we refer to � as the glueball field. It evolves
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.

according to the e↵ective Lagrangian

L =
1

2
@µ�@

µ
�� V [�, `] ,

V [�, `] =
�
4

28c2


2 ln

✓
�

⇤

◆
� 4 ln 2� ln c

�
+

+
�
4

28c2
P[`] + T

4V [`] ,

P[`] = c1|`|2 ,

V[`] = �b2(T )

2
|`|2 + b4|`|4 � b3(`

3 + (`⇤)3) ,

b2(T ) =
4X

i=0

ai

✓
Tc

T

◆i

,

(5)

where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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3b3
4b4
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(6)
representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�

determines the Hubble parameter H and can be taken as
a time variable in Eq. (7) by using

t =
1

2

s
45

4⇡3g⇤,⇢(T�)

mP

T 2
�

, (8)
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Expanding the exponential we have:

V [!] = T 4V [!] +
Λ4

e
P [!]−

Λ4

2e
+ · · · . (11)

Since V [!] and P [!] are real polynomials in ! invariant
under ZN we immediately recover a general potential in
!.

III. THE TWO COLOR THEORY

To illustrate how our formalism works we first consider
in detail the case N = 2 and neglect for simplicity the
term VT [H ]. This theory has been extensively studied via
lattice simulations [25, 26] and it constitutes the natural
playground to test our model. Here ! is a real field and
the Z2 invariant V [!] and P [!] are taken to be:

V [!] = a1!
2 + a2!

4 +O(!6),

P [!] = b1!
2 +O(!4), (12)

with a1, a2 and b1 unknown temperature dependent
functions which should be derived directly from the un-
derlying theory. Lattice simulations can, in principle,
fix all of the coefficients. In order for us to investi-
gate in some more detail the features of our potential
and inspired by the PLM model mean-field type of ap-
proximation we first assume a2 and b1 to be positive
and temperature independent constants while we model
a1 = α(T∗ − T )/T , with T∗ a constant and α another
positive constant. We will soon see that due to the inter-
play between the hadronic states and !, T∗ need not to
be the critical Yang-Mills temperature while a1 displays
the typical behavior of the mass square term related to
a second order type of phase transition.
The extrema are obtained by differentiating the poten-

tial with respect to H and !:

∂V

∂H
=

ln

2

[

eH

Λ4

]

+ P [!] =
ln

2

[

eH

Λ4

]

+ b1!
2 = 0,(13)

∂V

∂!
= 2!T 4

(

a1 +
H

T 4
b1 + 2a2!

2

)

= 0, (14)

A. Small and Intermediate Temperatures

At small temperatures the second term in Eq. (14)
dominates and the only solution is ! = 0. A vanish-
ing ! leads to a null P [!] yielding the expected minimum
for H :

〈H〉 =
Λ4

e
. (15)

Here ! and H decouple.
We now study the solution near the critical tempera-

ture for the deconfinement transition. For all the tem-
peratures for which

T 4a1 +Hb1 = T 3α(T∗ − T ) +Hb1 > 0, (16)

the solution for ! is still ! = 0 yielding Eq. (15). The
critical temperature is reached for

Tc = T∗ +
b1
eα

Λ4

T 3
c

. (17)

The critical temperature can be determined via lattice
simulations. We see that within our framework the latter
is related to the glueball (gluon-condensate) coupling to
two Polyakov loops and it would be relevant to measure
it on the lattice. At T = Tc, ! = 0 and H = Λ4/e.
Let us now consider the case T = Tc +∆T with

∆T

Tc
$ 1. (18)

Expanding 〈!〉2 at the leading order in ∆T/Tc yields:

〈!〉2 =
α

2a2

1 + 3 b1
eα

Λ
4

T 4
c

1− b2
1

ea2

Λ4

T 4
c

∆T

Tc
. (19)

We used Eq. (17) and Eq. (13) which relates the tem-
perature dependence of H to the one of !. At high tem-
peratures (see next subsection) 〈!〉 can be normalized to
one by imposing α/2a2 = 1 and the previous expression
reads:

〈!〉2 =
1 + 3 b1

eα
Λ

4

T 4
c

1− 2b2
1

eα
Λ4

T 4
c

∆T

Tc
≡

4Tc − 3T∗

(1− 2b1)Tc + 2b1T∗

∆T

Tc
.(20)

For a given critical temperature consistency requires b1
and T∗ to be such that:

4Tc − 3T∗

(1− 2b1)Tc + 2b1T∗

≥ 0. (21)

The temperature dependence, in this regime, of the gluon
condensate is:

〈H〉 =
Λ4

e
exp

[

−2b1〈!〉
2
]

. (22)

We find the mean field exponent for !, i.e. !2 increases
linearly with the temperature near the phase transition
[27]. Interestingly the gluon-condensates drops exponen-
tially. The drop in the gluon-condensate is triggered by
the rise of ! and it happens in our simple model exactly at
the deconfining critical temperature. Although the drop
might be sharp it is continuous in temperature and this
is related to the fact that the phase transition is second
order. Our findings strongly support the common picture
according to which the drop of the gluon condensate sig-
nals, in absence of quarks, deconfinement.

B. High Temperature

At very high temperatures the second term in Eq. (14)
can be neglected and the minimum for ! is:

〈!〉 =

√

α

2a2
. (23)

second-order 
phase transition
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For H we have now:

〈H〉 =
Λ4

e
exp

[

−2b1
α

2a2

]

=
Λ4

e
exp [−2b1] . (24)

In the last step we normalized 〈"〉 to unity at high tem-
perature. In order for the previous solutions to be valid
we need to operate in the following temperature regime:

T $
4

√

b1
α
〈H〉 ≈ Tc. (25)

We find that at sufficiently high temperature 〈H〉 is ex-
ponentially suppressed and the suppression rate is de-
termined solely by the glueball – "2 mixing term en-
coded in P ["]. The coefficient b1 should be large (or
increase with the temperature) since we expect a van-
ishing gluon-condensate at asymptotically high tempera-
tures. Clearly it is crucial to determine all of these coeffi-
cients via first principle lattice simulations. The qualita-
tive picture which emerges in our analysis is summarized
in Fig. 1.

FIG. 1: The thin line is the gluon condensate 〈H〉 normal-
ized to Λ4/e as function of the temperature. The thick line
represents the normalized to unity 〈!〉 as function of the tem-
perature. We have chosen for illustration α = 1, b1 = 1.45
and Tc # 1.16Λ.

IV. THE THREE COLOR THEORY

Z3 is the global symmetry group for the three color
case while " is a complex field. The functions V ["] and
P ["] are:

V ["] = a1|"|
2 + a2|"|

4 − a3("
3 + "∗3) +O("5),

P ["] = b1|"|
2 +O("3), (26)

with a1, a2, a3 and b1 unknown temperature dependent
coefficients which can be determined using lattice data.
In this paper we want to investigate the general relation
between glueballs and " so we will not try to find the best
parameterization to fit the lattice data. In the spirit of

the mean field theory we take a2, a3 and b1 to be positive
constants while a1 = α(T∗ − T )/T . With " = |"|eiϕ the
extrema are now obtained by differentiating the potential
with respect to H , |"| and ϕ:

∂V

∂H
=

ln

2

[

eH

Λ4

]

+ P ["] =
ln

2

[

eH

Λ4

]

+ b1|"|
2 = 0,

∂V

∂|"|
= 2|"|T 4

(

a1 +
H

T 4
b1 − 3a3|"| cos(3ϕ) + 2a2|"|

2

)

= 0,

∂V

∂ϕ
= 6|"|3 sin(3ϕ) = 0. (27)

At small temperature the H/T 4 term in the second equa-
tion dominates and the solution is 〈|"|〉 = 0, 〈H〉 = Λ4/e
and the last equation is verified for any 〈ϕ〉, so we choose
〈ϕ〉 = 0. The second equation can have two more solu-
tions:

3

4

a3
a2

±

√

9

16

a23
a22

+
α(T − T∗)

2Ta2
−

b1H

2a2T 4
, (28)

whenever the square root is well defined (i.e. at suf-
ficiently high temperatures). The negative sign corre-
sponds to a relative maximum while the positive one to
a relative minimum. We have then to evaluate the free
energy value (i.e. the effective thermal potential) at the
relative minimum and compare it with the one at " = 0.
The temperature value for which the two minima have
the same free energy is defined as the critical tempera-
ture and is:

Tc =

[

T∗ +
b1
eα

Λ4

T 3
c

]

αa2
αa2 + a23

. (29)

When a3 vanishes we recover the second order type criti-
cal temperature Tc. To derive the previous expression we
held fix the value of H to Λ4/e at the transition point.
In a more refined treatment one should not make such
an assumption. Below this temperature the minimum is
still for 〈"〉 = 0 and 〈H〉 = Λ4/e.
Just above the critical temperature the fields jump to

the new values:

〈|"|〉 =
a3
a2

, 〈H〉 =
Λ4

e
exp

[

−2b1〈|"|〉
2
]

. (30)

Close but above Tc (i.e. T = Tc +∆T ) we have:

〈|"|〉 &
a3
a2

+ ρ
∆T

Tc
, (31)

with

ρ &
αa2
a3

4κTc − 3T∗

a2Tc − 4b1α(κTc − T∗)
,

κ =
αa2 + a23

αa2
. (32)

a positive function of the coefficients of the effective po-
tential. In this regime

〈H〉 =
Λ4

e
exp

[

−2b1(
a3
a2

+ ρ
∆T

Tc
)2
]

. (33)

Rigorous Dark Gluon-glueball Dynamics
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

In the literature, for glueball dark matter production, only �
5 interaction is

considered, making the 3 ! 2 annihilation the only relevant process for
DM formation
However, since glueball is strongly coupled, this naive calculation is not
rigorous. A non-perturbative method is required.
The dark gluon-glueball dynamics can be effectively described by
considering the dimension-4 glueball field H / tr(Gµ⌫

Gµ⌫):

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] .

To canonically normalize this field, we introduce � as H = 2�8
c
�2

�
4

We keep the lowest order in P[`] to satisfy the symmetry:

P[`] = c1|`|2 ,

where c1 is determined by the lattice results (jumping of gluon
condensate).
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Thermal evolution of the glueball-dark gluon system

Introduction

Introduction

Stochastic Gravitational Wave (GW) background

Superposition of unresolved astrophysical sources

Cosmological events

(i) Inflation
(ii) Cosmic strings
(iii) Strong cosmological phase transitions (PTs) !

by expanding and colliding vacuum bubbles of new phase

GW background as a gravitational probe for New Physics

Focus on the EW phase transition (EWPT) relevant for EW baryogenesis

Study a simple model with multiple-step strongly 1st-order EWPTs

Study the impact of multiple-step strong PTs on GW spectra
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The glueball field

2

tional renormalization group [40–59]. Here, we describe
the dynamics of dark glueballs by means of an e↵ective
field theory [37].

At non-vanishing temperatures T , the ZN center of
SU(N) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged under ZN . The Polyakov loop is a remarkable
example, defined as

` (x) =
1

N
Tr[L] ⌘ 1

N
Tr

"
P exp

"
i g

Z 1/T

0
A0(⌧,x)d⌧

##
,

(1)
where P denotes path ordering, A0 is the time component
of the vector potential associated with this gauge group, g
is the SU(N) coupling constant and (⌧,x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N) gauge
group [60] under which it transforms as ` ! z` with
z 2 ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills confinement phase
transition at temperature Tc ⇠ ⇤ [60]. This observation
was exploited to model the phase transition in a mean
field approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [51]. This model captures
the essential features of confinement phase transition in
SU(N) theories with N � 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
field H and the Polyakov loop ` in a unified description,
with an e↵ective temperature-dependent potential given
by [37]

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] , (2)

where the first term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], ⇤ is the confinement scale of the theory,
and V [`] and P [`] are assumed to be real polynomials in `

and invariant under ZN , with coe�cients that depend on
fits to lattice data. Thermal corrections are included in
VT [H], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. (2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 �5.73 8.49 �9.29 0.27 2.40 4.53

TABLE I. Parameters of the e↵ective potential in Eq. (5).

with di↵erent charges under ZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. (2) is negligible. Since the glueballs are rel-
atively heavy compared to the ⇤ scale their temperature
contribution VT [H] can also be disregarded in the first ap-
proximation [37]. We leave a refined analysis accounting
for thermal e↵ects in the glueball potential for a future
investigation.

In the opposite limit, T � Tc, in the deconfined phase,
the term T

4V[`] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
confinement scale ⇤ and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc ⇠
1.61⇤ for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]

L =
c

2

@µH@
µH

H3/2
� V [H, `] , (3)

where

c =
1

2
p
e

✓
⇤

mgb

◆2

(4)

is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of `. This corresponds
to neglect the non-trivial dynamics of a first order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball field H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball field H in terms of a canonically nor-
malised scalar field � as H = 2�8

c
�2

�
4, and from this

point on we refer to � as the glueball field. It evolvesevolves evolves according to the EFT:

3

FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.

according to the e↵ective Lagrangian

L =
1

2
@µ�@

µ
�� V [�, `] ,

V [�, `] =
�
4

28c2


2 ln

✓
�

⇤

◆
� 4 ln 2� ln c

�
+

+
�
4

28c2
P[`] + T

4V [`] ,

P[`] = c1|`|2 ,

V[`] = �b2(T )

2
|`|2 + b4|`|4 � b3(`

3 + (`⇤)3) ,

b2(T ) =
4X

i=0

ai

✓
Tc

T

◆i

,

(5)

where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and

|`±| =
3b3
4b4

0

BBBBB@
1±

vuuuut
1 +

512 b2(T )b4 � 4
c1b4

c2

✓
�

T

◆4

1152 b23

1

CCCCCA
,

(6)
representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�

determines the Hubble parameter H and can be taken as
a time variable in Eq. (7) by using

t =
1

2

s
45

4⇡3g⇤,⇢(T�)

mP

T 2
�

, (8)
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glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators
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with di↵erent charges under ZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. (2) is negligible. Since the glueballs are rel-
atively heavy compared to the ⇤ scale their temperature
contribution VT [H] can also be disregarded in the first ap-
proximation [37]. We leave a refined analysis accounting
for thermal e↵ects in the glueball potential for a future
investigation.

In the opposite limit, T � Tc, in the deconfined phase,
the term T

4V[`] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
confinement scale ⇤ and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc ⇠
1.61⇤ for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).
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is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of `. This corresponds
to neglect the non-trivial dynamics of a first order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball field H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball field H in terms of a canonically nor-
malised scalar field � as H = 2�8
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point on we refer to � as the glueball field. It evolves
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�

determines the Hubble parameter H and can be taken as
a time variable in Eq. (7) by using

t =
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
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high temperatures and vanishes for temperatures below
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representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
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ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads
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where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
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tional renormalization group [40–59]. Here, we describe
the dynamics of dark glueballs by means of an e↵ective
field theory [37].

At non-vanishing temperatures T , the ZN center of
SU(N) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged under ZN . The Polyakov loop is a remarkable
example, defined as

` (x) =
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N
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N
Tr

"
P exp

"
i g

Z 1/T

0
A0(⌧,x)d⌧

##
,

(1)
where P denotes path ordering, A0 is the time component
of the vector potential associated with this gauge group, g
is the SU(N) coupling constant and (⌧,x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N) gauge
group [60] under which it transforms as ` ! z` with
z 2 ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills confinement phase
transition at temperature Tc ⇠ ⇤ [60]. This observation
was exploited to model the phase transition in a mean
field approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [51]. This model captures
the essential features of confinement phase transition in
SU(N) theories with N � 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
field H and the Polyakov loop ` in a unified description,
with an e↵ective temperature-dependent potential given
by [37]

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] , (2)

where the first term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], ⇤ is the confinement scale of the theory,
and V [`] and P [`] are assumed to be real polynomials in `

and invariant under ZN , with coe�cients that depend on
fits to lattice data. Thermal corrections are included in
VT [H], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. (2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 �5.73 8.49 �9.29 0.27 2.40 4.53

TABLE I. Parameters of the e↵ective potential in Eq. (5).

with di↵erent charges under ZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. (2) is negligible. Since the glueballs are rel-
atively heavy compared to the ⇤ scale their temperature
contribution VT [H] can also be disregarded in the first ap-
proximation [37]. We leave a refined analysis accounting
for thermal e↵ects in the glueball potential for a future
investigation.

In the opposite limit, T � Tc, in the deconfined phase,
the term T

4V[`] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
confinement scale ⇤ and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc ⇠
1.61⇤ for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]
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is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of `. This corresponds
to neglect the non-trivial dynamics of a first order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball field H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball field H in terms of a canonically nor-
malised scalar field � as H = 2�8
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where P denotes path ordering, A0 is the time component
of the vector potential associated with this gauge group, g
is the SU(N) coupling constant and (⌧,x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N) gauge
group [60] under which it transforms as ` ! z` with
z 2 ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills confinement phase
transition at temperature Tc ⇠ ⇤ [60]. This observation
was exploited to model the phase transition in a mean
field approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [51]. This model captures
the essential features of confinement phase transition in
SU(N) theories with N � 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
field H and the Polyakov loop ` in a unified description,
with an e↵ective temperature-dependent potential given
by [37]
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where the first term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], ⇤ is the confinement scale of the theory,
and V [`] and P [`] are assumed to be real polynomials in `

and invariant under ZN , with coe�cients that depend on
fits to lattice data. Thermal corrections are included in
VT [H], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. (2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators
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Rigorous Dark Gluon-glueball Dynamics
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

In the literature, for glueball dark matter production, only ω
5 interaction is

considered, making the 3 → 2 annihilation the only relevant process for
DM formation
However, since glueball is strongly coupled, this naive calculation is not
rigorous. A non-perturbative method is required.
The dark gluon-glueball dynamics can be effectively described by
considering the dimension-4 glueball field H ↑ tr(Gµω

Gµω):

V [H, ε] =
H
2
ln

[
H
!4

]
+ T

4V [ε] +HP[ε] + VT [H] .

To canonically normalize this field, we introduce ω as H = 2→8
c
→2

ω
4

We keep the lowest order in P[ε] to satisfy the symmetry:

P[ε] = c1|ε|2 ,

where c1 is determined by the lattice results (jumping of gluon
condensate).
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Cosmological evolution equation 
Cosmological evolution of the dark glueball field
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

The glueball field is considered homogeneous and evolves in expanding
FLRW universe, with the E.O.M.

�̈+ 3H�̇+ @�V [�, T ] = 0 ,

The time variable is found in terms of the photon temperature:

t =
1
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s
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T 2
�

, T� = ⇠TT

where ⇠T denotes the visible-to-dark sector temperature ratio and
mP = 1.22⇥ 1019 GeV is the Planck mass and g⇤,⇢ is the number of
energy-related degrees of freedom.
E.O.M. in terms of the dark sector temperature:

4⇡3
g⇤,⇢

45m2

P

⇠
4

TT
6
d
2
�

dT 2
+

2⇡3

45m2

P

dg⇤,⇢
dT

⇠
4

TT
6
d�

dT
+ @�V [�, T ] = 0

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 47 / 56

Introduction

Introduction

Stochastic Gravitational Wave (GW) background
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(i) Inflation
(ii) Cosmic strings
(iii) Strong cosmological phase transitions (PTs) !

by expanding and colliding vacuum bubbles of new phase

GW background as a gravitational probe for New Physics

Focus on the EW phase transition (EWPT) relevant for EW baryogenesis

Study a simple model with multiple-step strongly 1st-order EWPTs

Study the impact of multiple-step strong PTs on GW spectra
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where mP is the Planck mass and g⇤,⇢(T�) is the number
of degrees of freedom of the SM bath at temperature
T� = ⇠TT . Note that the dark sector temperature T is
the one that governs the phase transition, i.e. entering in
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where the second term can be neglected for a large range
of temperatures as g⇤,⇢ is constant except at a few iso-
lated events (the QCD phase transition, for example).
We consider it as a free parameter and take g⇤,⇢ = 100,
which has very little impact on our final result. The
visible-to-dark sector temperature ratio can be absorbed
in an e↵ective Planck mass, M ⌘ mP /⇠

2
T .

The non-perturbative dynamics of the system is en-
coded in Eq. (9) and, after the phase transition, we as-
sume that the energy density stored in the glueball field
gives precisely the DM relic density. From the particle
physics point of view the evolution can be described as
follows. In the deconfined phase the Universe is popu-
lated by dark gluons that form glueballs at the phase
transition, thanks to the interaction term in Eq. (5).
When the phase transition is completed, DM glueballs
populate the Universe and interact with each other fol-
lowing the potential in Eq. (5), corresponding to inter-
actions in the form (�� �min)n for n = 2, 3..., with �min

being the value of the field at the minimum of the po-
tential. The importance of the higher-n terms depends
on the displacement of � from its minimum, which is a
measure of the glueball density. If, for example, � is very
close to its minimum, only the quadratic term is relevant,
which is equivalent to having a massive free field. On the
other hand, large amplitudes (i.e. larger densities) for
� require increasingly more non-linear interaction terms
(see also Refs. [70, 71]).

In Fig. 2 we show the evolution of the glueball field
as a function of temperature, starting from di↵erent ini-
tial conditions set in the deconfined phase. In the very
early stage, the field evolution is dominated by the Hub-
ble friction and it remains frozen until H becomes com-
parable to the temperature-dependent e↵ective glueball
mass in the deconfined phase, represented by the gray
region labelled as H ' mgb(T ). This happens at a tem-
perature Tosc ⇠

p
M⇤, when the field starts to oscillate

around the minimum of the potential, shown as a dashed
red line in Fig. 2, with a damped amplitude. We take
Tosc � Tc, as M � ⇤, unless the confinement scale is
close to the Planck scale or the dark sector is very cold.
Therefore, the oscillations of the glueball field in the de-
confined phase have enough time to decay, regardless of
initial condition, and � just follows the minimum of the
potential (with damped oscillations of small amplitude
but with an increasing average speed) until the phase
transition occurs at Tc (see Fig. 2). At the critical tem-
perature, the value of the Polyakov loop jumps discon-
tinuously, causing a discontinuous jump in the minimum

FIG. 2. Evolution of the glueball field for a phase transition
scale ⇤ = 10�5

mP , c1 = 1.225 and di↵erent initial conditions.
The grey region indicates the phase in which the glueball mass
is comparable with the Hubble parameter, H ' mgb(T ). The
vertical dashed line marks the phase transition at Tc = 1.61⇤.
The red dashed line shows the evolution of the minimum of
the glueball potential.

of the glueball potential, as shown in Fig. 1, generating
oscillations with a high initial velocity that wash out any
dependence on initial conditions at T > Tc.
Glueball relic density—In the confined phase, � is dis-

placed enough from its minimum to allow for annihilation
of n glueballs into m < n glueballs, n ! m, which is pos-
sible because of the n+m-th order interaction term in the
Lagrangian. As the glueball number density decreases,
all the higher order n ! m processes become less e�cient
until the only e�cient number-changing process is 3 ! 2.
Note that the 3 ! 1 and 2 ! 1 processes are prohib-
ited due to kinematic constraints arising from the energy
conservation. The 3 ! 2 interactions are precisely the
ones determining the relic abundance of glueballs when
�3!2 < H. The evolution is that of a simple damped os-
cillator in a non-linear potential, and the energy stored
in these oscillations around �min ⇡ 0.28⇤ corresponds to
the relic DM abundance, namely, ⌦h2 = ⇢/⇢c, where the
critical density is ⇢c = 1.05⇥ 104 eV cm�3, and

⇢ =
2⇡3

45
g⇤,⇢(T )

T
6

M2

✓
d�

dT

◆2

+ V [�] . (10)

This energy density scales as ⇠ T
3, as CDM, when the

harmonic approximation is valid, i.e. after the decoupling
of 3 ! 2 interactions. Numerically solving Eq. (9) down
to the temperature Tf , and below this temperature the
evolution is simply determined by the cosmological ex-
pansion, for ⇤ . 0.1M , the energy density is given by
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⇢ . 0.020 for 1.035 < c1 < 1.415. In
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and this result should be compared to ⌦h2 ⇠
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T ⇤/5.45 eV [1], which overestimates the relic den-
sity by one order of magnitude. This di↵erence is due
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close to the Planck scale or the dark sector is very cold.
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of temperatures as g⇤,⇢ is constant except at a few iso-
lated events (the QCD phase transition, for example).
We consider it as a free parameter and take g⇤,⇢ = 100,
which has very little impact on our final result. The
visible-to-dark sector temperature ratio can be absorbed
in an e↵ective Planck mass, M ⌘ mP /⇠

2
T .

The non-perturbative dynamics of the system is en-
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physics point of view the evolution can be described as
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tential. The importance of the higher-n terms depends
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close to its minimum, only the quadratic term is relevant,
which is equivalent to having a massive free field. On the
other hand, large amplitudes (i.e. larger densities) for
� require increasingly more non-linear interaction terms
(see also Refs. [70, 71]).

In Fig. 2 we show the evolution of the glueball field
as a function of temperature, starting from di↵erent ini-
tial conditions set in the deconfined phase. In the very
early stage, the field evolution is dominated by the Hub-
ble friction and it remains frozen until H becomes com-
parable to the temperature-dependent e↵ective glueball
mass in the deconfined phase, represented by the gray
region labelled as H ' mgb(T ). This happens at a tem-
perature Tosc ⇠

p
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around the minimum of the potential, shown as a dashed
red line in Fig. 2, with a damped amplitude. We take
Tosc � Tc, as M � ⇤, unless the confinement scale is
close to the Planck scale or the dark sector is very cold.
Therefore, the oscillations of the glueball field in the de-
confined phase have enough time to decay, regardless of
initial condition, and � just follows the minimum of the
potential (with damped oscillations of small amplitude
but with an increasing average speed) until the phase
transition occurs at Tc (see Fig. 2). At the critical tem-
perature, the value of the Polyakov loop jumps discon-
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sume that the energy density stored in the glueball field
gives precisely the DM relic density. From the particle
physics point of view the evolution can be described as
follows. In the deconfined phase the Universe is popu-
lated by dark gluons that form glueballs at the phase
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When the phase transition is completed, DM glueballs
populate the Universe and interact with each other fol-
lowing the potential in Eq. (5), corresponding to inter-
actions in the form (�� �min)n for n = 2, 3..., with �min
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which is equivalent to having a massive free field. On the
other hand, large amplitudes (i.e. larger densities) for
� require increasingly more non-linear interaction terms
(see also Refs. [70, 71]).

In Fig. 2 we show the evolution of the glueball field
as a function of temperature, starting from di↵erent ini-
tial conditions set in the deconfined phase. In the very
early stage, the field evolution is dominated by the Hub-
ble friction and it remains frozen until H becomes com-
parable to the temperature-dependent e↵ective glueball
mass in the deconfined phase, represented by the gray
region labelled as H ' mgb(T ). This happens at a tem-
perature Tosc ⇠
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around the minimum of the potential, shown as a dashed
red line in Fig. 2, with a damped amplitude. We take
Tosc � Tc, as M � ⇤, unless the confinement scale is
close to the Planck scale or the dark sector is very cold.
Therefore, the oscillations of the glueball field in the de-
confined phase have enough time to decay, regardless of
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of the glueball potential, as shown in Fig. 1, generating
oscillations with a high initial velocity that wash out any
dependence on initial conditions at T > Tc.
Glueball relic density—In the confined phase, � is dis-

placed enough from its minimum to allow for annihilation
of n glueballs into m < n glueballs, n ! m, which is pos-
sible because of the n+m-th order interaction term in the
Lagrangian. As the glueball number density decreases,
all the higher order n ! m processes become less e�cient
until the only e�cient number-changing process is 3 ! 2.
Note that the 3 ! 1 and 2 ! 1 processes are prohib-
ited due to kinematic constraints arising from the energy
conservation. The 3 ! 2 interactions are precisely the
ones determining the relic abundance of glueballs when
�3!2 < H. The evolution is that of a simple damped os-
cillator in a non-linear potential, and the energy stored
in these oscillations around �min ⇡ 0.28⇤ corresponds to
the relic DM abundance, namely, ⌦h2 = ⇢/⇢c, where the
critical density is ⇢c = 1.05⇥ 104 eV cm�3, and
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This energy density scales as ⇠ T
3, as CDM, when the

harmonic approximation is valid, i.e. after the decoupling
of 3 ! 2 interactions. Numerically solving Eq. (9) down
to the temperature Tf , and below this temperature the
evolution is simply determined by the cosmological ex-
pansion, for ⇤ . 0.1M , the energy density is given by
0.015 . T

�3
f ⇤�1

⇢ . 0.020 for 1.035 < c1 < 1.415. In
conclusion, the predicted glueball relic density is

0.12⇣�3
T

⇤

137.9 eV
. ⌦h2 . 0.12⇣�3

T

⇤

82.7 eV
, (11)

and this result should be compared to ⌦h2 ⇠
0.12 ⇣�3

T ⇤/5.45 eV [1], which overestimates the relic den-
sity by one order of magnitude. This di↵erence is due

4

where mP is the Planck mass and g⇤,⇢(T�) is the number
of degrees of freedom of the SM bath at temperature
T� = ⇠TT . Note that the dark sector temperature T is
the one that governs the phase transition, i.e. entering in
Eq. (2). In terms of this variable Eq. (7) reads
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(9)
where the second term can be neglected for a large range
of temperatures as g⇤,⇢ is constant except at a few iso-
lated events (the QCD phase transition, for example).
We consider it as a free parameter and take g⇤,⇢ = 100,
which has very little impact on our final result. The
visible-to-dark sector temperature ratio can be absorbed
in an e↵ective Planck mass, M ⌘ mP /⇠

2
T .

The non-perturbative dynamics of the system is en-
coded in Eq. (9) and, after the phase transition, we as-
sume that the energy density stored in the glueball field
gives precisely the DM relic density. From the particle
physics point of view the evolution can be described as
follows. In the deconfined phase the Universe is popu-
lated by dark gluons that form glueballs at the phase
transition, thanks to the interaction term in Eq. (5).
When the phase transition is completed, DM glueballs
populate the Universe and interact with each other fol-
lowing the potential in Eq. (5), corresponding to inter-
actions in the form (�� �min)n for n = 2, 3..., with �min

being the value of the field at the minimum of the po-
tential. The importance of the higher-n terms depends
on the displacement of � from its minimum, which is a
measure of the glueball density. If, for example, � is very
close to its minimum, only the quadratic term is relevant,
which is equivalent to having a massive free field. On the
other hand, large amplitudes (i.e. larger densities) for
� require increasingly more non-linear interaction terms
(see also Refs. [70, 71]).

In Fig. 2 we show the evolution of the glueball field
as a function of temperature, starting from di↵erent ini-
tial conditions set in the deconfined phase. In the very
early stage, the field evolution is dominated by the Hub-
ble friction and it remains frozen until H becomes com-
parable to the temperature-dependent e↵ective glueball
mass in the deconfined phase, represented by the gray
region labelled as H ' mgb(T ). This happens at a tem-
perature Tosc ⇠

p
M⇤, when the field starts to oscillate

around the minimum of the potential, shown as a dashed
red line in Fig. 2, with a damped amplitude. We take
Tosc � Tc, as M � ⇤, unless the confinement scale is
close to the Planck scale or the dark sector is very cold.
Therefore, the oscillations of the glueball field in the de-
confined phase have enough time to decay, regardless of
initial condition, and � just follows the minimum of the
potential (with damped oscillations of small amplitude
but with an increasing average speed) until the phase
transition occurs at Tc (see Fig. 2). At the critical tem-
perature, the value of the Polyakov loop jumps discon-
tinuously, causing a discontinuous jump in the minimum

FIG. 2. Evolution of the glueball field for a phase transition
scale ⇤ = 10�5

mP , c1 = 1.225 and di↵erent initial conditions.
The grey region indicates the phase in which the glueball mass
is comparable with the Hubble parameter, H ' mgb(T ). The
vertical dashed line marks the phase transition at Tc = 1.61⇤.
The red dashed line shows the evolution of the minimum of
the glueball potential.
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all the higher order n ! m processes become less e�cient
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ited due to kinematic constraints arising from the energy
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Cosmological evolution
Cosmological Evolution of the Dark Glueball Field
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

Field starts to oscillate around the minimum of the potential when
H ' mgb with temperature TOSC ⇠

p
M⇤

In early times in deconfined regime, for different initial conditions the field
evolution follows the minimum (red dashed line).
First order phase transition washes out any dependence on initial
conditions.
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to decay regardless of the 

initial condition

non-linear interaction 
terms are important 
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Glueball Relic Density
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

Energy stored in these oscillations around �min ⇡ 0.28⇤ is the relic DM
abundance, ⌦h2 = ⇢/⇢c (critical density ⇢c = 1.05⇥ 104 eV cm�3)
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Then the relic density today is calculated:

⌦h2 =
⇤

⇢c/h
2

⌧
⇢̃

T̃ 3

�

f

T
3

f

✓
T�,0

⇣TTf

◆3

= 0.12⇣�3

T

⇤

⇤0

,

with dilution factor (T�,0/⇣TTf )3 to consider the Universe expansion
Below freeze-out temperature, the predicted glueball relic density is

0.12⇣�3

T

⇤

137.9 eV
. ⌦h2 . 0.12⇣�3

T

⇤

82.7 eV
, 1.035 < c1 < 1.415

for ⇣�1

T = 0.1, the glueball dark matter mass is ⇠ 100MeV
It is more than a factor of 10 difference compared to the old calculations

⌦h2 ⇠ 0.12 ⇣�3

T

⇤

5.45 eV
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Glueball Relic Density
(Carenza, Pasechnik, Salinas，Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

Energy stored in these oscillations around �min ⇡ 0.28⇤ is the relic DM
abundance, ⌦h2 = ⇢/⇢c (critical density ⇢c = 1.05⇥ 104 eV cm�3)
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with dilution factor (T�,0/⇣TTf )3 to consider the Universe expansion
Below freeze-out temperature, the predicted glueball relic density is
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⇤
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T = 0.1, the glueball dark matter mass is ⇠ 100MeV
It is more than a factor of 10 difference compared to the old calculations
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Glueball DM parameter space; no portal yet!Cosmological histories
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1,ω2}, the glueball-
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Glueball Axion Like Particles (ALPs)

2

where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,

LSU(N) = ↔1

4
G

a
µεG

µεa +
ϑ

4
G

a
µεG̃

µεa
,

G
a
µε = ϖµA

a
ε ↔ ϖεA

a
µ + gf

abc
A

b
µA

c
ε ,

(5)

with gauge fields Ac
µ, the coupling g = g(µ) running with

the scale µ, and the structure constants f
abc, a, b, c =

1, . . . , N2 ↔ 1. Here, G
a
µε is the field strength tensor

and G̃
a
µε = 1

2ϱµεϑϖG
ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as

H4 ↗ ↔ς(g)

2g
G

a
µεG

µεa
, AH3 ↗ G

a
µεG̃

µεa
, (6)

in terms of ς-function ς(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]

Le! =
1

2
ϖµHϖ

µH+
1

2
ϖµAϖ

µA↔ Ve!(H,A) . (7)

Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]

ϖµD
µ =

ς(g)

2g
G

a
µεG

µεa = ↔H4
, (8)

being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to

ϖµD
µ = ↔#µ

µ = 4Ve! ↔ ϖVe!

ϖH H↔ ϖVe!

ϖA A , (9)

where #µε is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form

Ve! ↘ c0H4 ln

(
H
!

)
+

ϑ

4
AH3 +H4

f

(
A
H

)
+

+ c1H4 + c2H2A2 + c3A4 + c4HA3
,

(10)

in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
{↽0, a0} ⇐ O(1)!. Then, turning to the mass basis of
these excitations by means of rotation by an angle ⇀, the
resulting EFT potential can be represented as follows,

Ve! ↘ m
2
1

2
⇁
2
1+

m
2
2

2
⇁
2
2+

↓∑

i=0

↓∑

j=0

↼ij

!i+j→4
⇁
i
1⇁

j
2

∣∣∣∣∣
i+j↔3

, (11)
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color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as
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in terms of ς-function ς(g), whose dynamics is led by the
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Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
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x) = ↼φ(x), leading to

ϖµD
µ = ↔#µ

µ = 4Ve! ↔ ϖVe!

ϖH H↔ ϖVe!

ϖA A , (9)
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Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded
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and a ↗ A ↔ a0 around its minimum located at the
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
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states neutral under SU(N) appear in the low-energy
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logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
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↑(↼→1
x) = ↼φ(x), leading to
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded
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and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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with gauge fields Ac
µ, the coupling g = g(µ) running with

the scale µ, and the structure constants f
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1, . . . , N2 ↔ 1. Here, G
a
µε is the field strength tensor

and G̃
a
µε = 1

2ϱµεϑϖG
ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as

H4 ↗ ↔ς(g)
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µεG
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, (6)

in terms of ς-function ς(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]
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Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to
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µ = ↔#µ

µ = 4Ve! ↔ ϖVe!
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where #µε is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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+
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
{↽0, a0} ⇐ O(1)!. Then, turning to the mass basis of
these excitations by means of rotation by an angle ⇀, the
resulting EFT potential can be represented as follows,
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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with gauge fields Ac
µ, the coupling g = g(µ) running with

the scale µ, and the structure constants f
abc, a, b, c =

1, . . . , N2 ↔ 1. Here, G
a
µε is the field strength tensor

and G̃
a
µε = 1

2ϱµεϑϖG
ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as

H4 ↗ ↔ς(g)
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conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded
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and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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µ, the coupling g = g(µ) running with
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µε is the field strength tensor

and G̃
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ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
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x) = ↼φ(x), leading to
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Therefore, comparing Eqs. (8) and (9), the composite
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as
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in terms of ς-function ς(g), whose dynamics is led by the
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current
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x) = ↼φ(x), leading to
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CP-noninvariant terms with odd powers of A are permit-
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in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
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pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
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ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-
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dimension as
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Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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µ =
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to
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where #µε is the canonical energy-momentum tensor.
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
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µε is the field strength tensor
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µε = 1
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ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
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Relevant composite operators
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Direct fermion portal to the dark gauge sector

Dark gluon interactions
A. E. Faraggi and M. Pospelov, Astropart. Phys. 16 (2002), 451-461

The simplest dark gluon-SM interaction is via heavy fermions

L = ωG a
µωG̃

µωaF F̃

M4 + ω→ G a
µωG

µωa F
2

M4 ,

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)
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ϱ
→1

[ !

GeV

]→3[ M”
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]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,
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where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)
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]→4
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].
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EFT approach proposed above, it is possible to link to-
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hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
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of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
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mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.
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PQ-like scale by plugging Eqs. (17) into (4)
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼
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would mostly produce photons, thus adding up to the
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where we introduced the photon and dark gluon gas tem-
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mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
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and (20) with the condition for GALPs constituting the
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)
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ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]
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4
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,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
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µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-
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photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-

✓ Introduce a heavy Dirac fermion (dark quark): 
  dark SU(N)-charged and electrically charged

✓ Dirac fermion annihilation into the SM bath strongly dominate due  
  to the condition on the annihilation rates at EFT cutoff scale:

leading to a suppression of the dark-to-visible temperatures ratio:

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

with visible-to-dark sector temperature ratio ϱT → Tε/T ,
holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast

with observations of their surrounding hot plasma [68].
Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the dark SU(N) gauge coupling at
the UV µ = M! scale can be written as g(µ) → φ e(µ)q!.
Assuming no additional new physics below the UV cuto&
scale, we find φ ↓ 1 following the one-loop RG evolution
with N = 3 and q! = 1, under the requirement that the
IR Landau pole is located close to the confinement scale
” ≃ M!. Consequently, relevant dimension-8 operators
read [52, 71]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [72], in this regime g/⇀(g) ↓ 1.
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Turning to the mass basis {ω, a} → {ε1,ε2}, the glueball-
photon interactions are governed by the Lagrangian

Le! ↑ 1

4

∑

i=1,2

[
gωiε εiFµϑF

µϑ + g̃ωiε εiFµϑ F̃
µϑ
]
. (16)

GALP mass-coupling relation.— A strong CP-
violation in the dark sector implies that the glueball
VEVs satisfy ω0 ↓ a0 ↓ ! while the ω-a mixing angle ϑ is
large. As a result, from the viewpoint of particle astro-
physics the physical glueballs ε1,2 interact with photons
with similar rates while having similar masses e”ectively
acting as axion DM. Hence, we refer to these states as
Glueball Axion-Like Particles (GALPs) whose e”ective
couplings satisfy gωiε ↓ g̃ωiε ↔ gGALPε , where

gGALPε = ϖϱ
2!→1

[ !

M”

]4
(17)

= 2.45↗ 10→7 GeV→1
ϖ

[
mGALP

GeV

]3[ M”

GeV

]→4
.

Here, as a proof-of-concept, we introduce a universal
GALP mass scale m1 ↓ m2 ↔ mGALP = 6! [73],
and a universal dimensionless coe#cient ϖ expected to
be of order 0.1 – 10. The relation (17) is a defin-
ing property for the whole class of novel GALP DM
scenarios featuring a specific dependence on two dis-
tinct scales: mGALP ↘ M” and M”. This can be
compared to an analogous relation for QCD axions,
e.g. gaε = 2↗ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 74].

Given a remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eq. (17) into (4)

fa ≃ 4.1↗ 103 GeV ϖ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

In the minimal EFT approach developed above, the
GALP coupling to photons, gGALPε , is linked to the
GALP mass, mGALP. Let us investigate how this re-
lation correlates with the DM relic abundance. Assume
that for su#ciently high temperatures T ⇐ M” the SM
bath and the dark-sector $ fermion are in thermal equi-
librium. As the Universe cools down to T ↓ M”, $ and
$̄ start to annihilate into the SM XSM and dark gluon
g̃g̃ final states, with rates %””̄↑XSM

and %””̄↑g̃g̃, re-
spectively. For these processes to e#ciently reheat the
SM bath relative to the dark sector, hence to suppress
the dark-to-visible temperature ratio, ς→1

T , we introduce
a small parameter

φ ↔
%””̄↑g̃g̃

%””̄↑XSM

↘ 1 , (19)

such that $-fermions annihilate mostly into the SM par-
ticles. This parameter φ is a key observable characteristic

of the portal interactions between the dark and visible
sectors and depends on the details of the UV model.
At the temperature of the dark sector, T ↔ Tg̃ ≃ M”,

when $$̄-annihilation completes, the resulting densities
of photons ↼ε and dark gluons ↼g̃ are related as

↼g̃

↼ε
↓ φ ↓ (N2 ⇒ 1)

(
T

Tε

)4
, (20)

where the prefactor indicates the number of dark gluon
degrees of freedom. Then, as the Universe cools down

to the modern temperature T
(0)
ε , the entropy produc-

tion events in the visible sector also a”ect the pho-
ton temperature increasing it by an additional factor of[
g↓,s(T

(0)
ε )/g↓,s(M”)

]→1/3
. Here, g↓,s(T

(0)
ε ) = 3.909 is

the number of entropic degrees of freedom of the rel-
ativistic (photon) bath today, while g↓,s(M”) refers to
the same quantity at the $$̄-annihilation epoch (equal
to 106.75 for pure SM). As a result, the dark-to-visible
sector temperature ratio in the modern epoch reads,

ς
→1
T =

(
φ

N2 ⇒ 1

)1/4 [
g↓,s(T

(0)
ε )

g↓,s(M”)

]1/3
↘ 1 . (21)

The condition for GALPs constituting the totality of
DM, i.e. ς→3

T mGALP/(6!0) ≃ 1, e”ectively connects the
dark-to-visible portal information encoded in φ with the
GALP mass. In numerical analysis we explore the pa-
rameter space {gGALPε ,mGALP} particularly relevant for
DM searches setting bounds on it for the first time by
taking ϖ ↓ 1 without any loss of generality. We note
that it is straightforward to rescale the allowed values of
gGALPε by a suitable value of ϖ once it becomes available
from lattice simulations. For a direct connection of the
GALP-to-photon decay rate with the non-perturbative
matrix elements that would be probed by lattice calcu-
lations, see Ref. [71].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (17).
The upper hatched domain is excluded due to the cos-
mological bound of the GALP stability while the left
hatched domain for light mGALP ↫ 120 MeV is due to
DM self-interaction constraint [69]. GALPs decaying into
photons during the Big Bang Nucleosynthesis would af-
fect the primordial nuclei abundances. We extended the
bound of [75] towards the higher mass limiting it to be
below the reheating temperature which gives rise to the
upper bound of the excluded blue domain. Its lower
bound represents the constraint from the ultra-massive
decaying DM searches [76, 77] reaching the mass of up to
1011 GeV and the decay rates of down to ↓ O(10→26s→1),
or even lower. The slices of the parameter space for each
fixed value of M” are represented by red dashed lines.
Note that above the EFT boundary mGALP ≃ M” the
considered EFT approach breaks down. Thus, the phe-
nomenologically viable (white) domain is in agreement
with the existing constraints.
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Turning to the mass basis {ω, a} → {ε1, ε2}, the glueball-
photon interactions are governed by the Lagrangian

Le! ↑ 1

4

∑

i=1,2

[
gωiε εiFµϑF

µϑ + g̃ωiε εiFµϑ F̃
µϑ
]
. (16)

GALP mass-coupling relation.— A strong CP-
violation in the dark sector implies that the glueball
VEVs satisfy ω0 ↓ a0 ↓ ! while the ω-a mixing angle ϑ is
large. As a result, from the viewpoint of particle astro-
physics the physical glueballs ε1,2 interact with photons
with similar rates while having similar masses e”ectively
acting as axion DM. Hence, we refer to these states as
Glueball Axion-Like Particles (GALPs) whose e”ective
couplings satisfy gωiε ↓ g̃ωiε ↔ gGALPε , where

gGALPε = ϖϱ
2!→1

[ !

M”

]4
(17)

= 2.45↗ 10→7 GeV→1
ϖ

[
mGALP

GeV

]3[ M”

GeV

]→4
.

Here, as a proof-of-concept, we introduce a universal
GALP mass scale m1 ↓ m2 ↔ mGALP = 6! [73],
and a universal dimensionless coe#cient ϖ expected to
be of order 0.1 – 10. The relation (17) is a defin-
ing property for the whole class of novel GALP DM
scenarios featuring a specific dependence on two dis-
tinct scales: mGALP ↘ M” and M”. This can be
compared to an analogous relation for QCD axions,
e.g. gaε = 2↗ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 74].

Given a remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eq. (17) into (4)

fa ≃ 4.1↗ 103 GeV ϖ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

In the minimal EFT approach developed above, the
GALP coupling to photons, gGALPε , is linked to the
GALP mass, mGALP. Let us investigate how this re-
lation correlates with the DM relic abundance. Assume
that for su#ciently high temperatures T ⇐ M” the SM
bath and the dark-sector $ fermion are in thermal equi-
librium. As the Universe cools down to T ↓ M”, $ and
$̄ start to annihilate into the SM XSM and dark gluon
g̃g̃ final states, with rates %””̄↑XSM

and %””̄↑g̃g̃, re-
spectively. For these processes to e#ciently reheat the
SM bath relative to the dark sector, hence to suppress
the dark-to-visible temperature ratio, ς→1

T , we introduce
a small parameter

φ ↔
%””̄↑g̃g̃

%””̄↑XSM

↘ 1 , (19)

such that $-fermions annihilate mostly into the SM par-
ticles. This parameter φ is a key observable characteristic

of the portal interactions between the dark and visible
sectors and depends on the details of the UV model.
At the temperature of the dark sector, T ↔ Tg̃ ≃ M”,

when $$̄-annihilation completes, the resulting densities
of photons ↼ε and dark gluons ↼g̃ are related as

↼g̃

↼ε
↓ φ ↓ (N2 ⇒ 1)

(
T

Tε

)4
, (20)

where the prefactor indicates the number of dark gluon
degrees of freedom. Then, as the Universe cools down

to the modern temperature T
(0)
ε , the entropy produc-

tion events in the visible sector also a”ect the pho-
ton temperature increasing it by an additional factor of[
g↓,s(T

(0)
ε )/g↓,s(M”)

]→1/3
. Here, g↓,s(T

(0)
ε ) = 3.909 is

the number of entropic degrees of freedom of the rel-
ativistic (photon) bath today, while g↓,s(M”) refers to
the same quantity at the $$̄-annihilation epoch (equal
to 106.75 for pure SM). As a result, the dark-to-visible
sector temperature ratio in the modern epoch reads,

ς
→1
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φ

N2 ⇒ 1

)1/4 [
g↓,s(T

(0)
ε )

g↓,s(M”)

]1/3
↘ 1 . (21)

The condition for GALPs constituting the totality of
DM, i.e. ς→3

T mGALP/(6!0) ≃ 1, e”ectively connects the
dark-to-visible portal information encoded in φ with the
GALP mass. In numerical analysis we explore the pa-
rameter space {gGALPε ,mGALP} particularly relevant for
DM searches setting bounds on it for the first time by
taking ϖ ↓ 1 without any loss of generality. We note
that it is straightforward to rescale the allowed values of
gGALPε by a suitable value of ϖ once it becomes available
from lattice simulations. For a direct connection of the
GALP-to-photon decay rate with the non-perturbative
matrix elements that would be probed by lattice calcu-
lations, see Ref. [71].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (17).
The upper hatched domain is excluded due to the cos-
mological bound of the GALP stability while the left
hatched domain for light mGALP ↫ 120 MeV is due to
DM self-interaction constraint [69]. GALPs decaying into
photons during the Big Bang Nucleosynthesis would af-
fect the primordial nuclei abundances. We extended the
bound of [75] towards the higher mass limiting it to be
below the reheating temperature which gives rise to the
upper bound of the excluded blue domain. Its lower
bound represents the constraint from the ultra-massive
decaying DM searches [76, 77] reaching the mass of up to
1011 GeV and the decay rates of down to ↓ O(10→26s→1),
or even lower. The slices of the parameter space for each
fixed value of M” are represented by red dashed lines.
Note that above the EFT boundary mGALP ≃ M” the
considered EFT approach breaks down. Thus, the phe-
nomenologically viable (white) domain is in agreement
with the existing constraints.
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below the reheating temperature which gives rise to the
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SM bath reheating via fermion annihilation into Higgs
✓ In order to generate a large mass scale of the Dirac fermion, one  
  should consider an additional scalar singlet that could couple  
  to Higgs via potential making Higgs to interact with the fermion

• Polyakov-loop extended LωM + scalar/pseudoscalar glueball: We are putting

together the PLωM (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at finite T and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2+1)-flavour QCD [? ? ? ]. Then, as

soon as the constraints from the lattice are satisfied, the next step is to compute relic

abundance of various dark hadron (ω, ε± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

• Direct detection channels for dark hadronic states: add figures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

LH → cH1 ϑHH† + cH2 ϑ
2HH† , Lω → cω1ϑFµεF

µε + cω2ϑ
2FµεF

µε , (1)

where the first term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH1 + v↑ϑ↓cH2 )ϑh. All the EFT couplings cH1,2 and cω1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the ϑ3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e”ective operator ϑϖµϑAµ from Ga

µϑ
F µϖGϑ

a,ϖ

ϱ ↔ g(µ)
e(µ)q!

↗ 1

LYuk = Y #!!̄ Y ↑#↓ ↘ M!

3

✓ The singlet scalar - Higgs mixing enables fermions to annihilate 
  into Higgs final states. Introducing a small ratio between 
  Yukawa and SU(N) gauge couplings at the cutoff scale, one reheats 
  the SM bath relative to the dark gluons at the fermion annihilation 

dominant
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One could also generate an e”ective operator ϑϖµϑAµ from Ga

µϑ
F µϖGϑ

a,ϖ

ϱ ↔ g(µ)
e(µ)q!

↗ 1

ϱ ↔ g(µ)

Y (µ)
↗ 1

3

3

where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-
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Composite scalar Dark Matter from vector-like SU(2) confinement
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A toy-model with SU(2)TC dynamics confined at high scales !TC → 100 GeV enables to construct
Dirac UV completion from the original chiral multiplets predicting a vector-like nature of their weak
interactions consistent with electroweak precision tests. In this work, we investigate a potential of
the lightest scalar baryon-like (T-baryon) state B0 = UD with mass mB ↭ 1 TeV predicted by the
simplest two-flavor vector-like confinement model as a Dark Matter (DM) candidate. We show that
two di”erent scenarios with the T-baryon relic abundance formation before and after the electroweak
(EW) phase transition epoch lead to symmetric (or mixed) and asymmetric DM, respectively. Such
a DM candidate evades existing direct DM detection constraints since its vector coupling to Z boson
absents at tree level, while one-loop gauge boson mediated contribution is shown to be vanishingly
small close to the threshold. The dominating spin-independent (SI) T-baryon–nucleon scattering
goes via tree-level Higgs boson exchange in the t-channel. The corresponding bound on the e”ective
T-baryon–Higgs coupling has been extracted from the recent LUX data and turns out to be con-
sistent with naive expectations from the light technipion case mω̃ ↑ !TC. The latter provides the
most stringent phenomenological constraint on strongly-coupled SU(2)TC dynamics so far. Future
prospects for direct and indirect scalar T-baryon DM searches in astrophysics as well as in collider
measurements have been discussed.

PACS numbers: 95.35.+d, 98.80.-k, 95.30.Cq, 14.80.Tt
Keywords: Dark Matter candidates; Dark Matter annihilation; Dark Matter direct detection; low-energy
e!ective field theories; Technicolor; technibaryon

I. INTRODUCTION

V! =
1

2
!2 + ω!!

3 + ε!!
4 + ωH!!HH

† + εH!!
2
HH

†

After recent discovery of the Higgs boson [1, 2] at the
LHC and follow-up precision studies of its interactions
with known matter [3], a rough picture of consistency
with the Standard Model (SM) has began to emerge.
The SM is being widely perceived as an e”ective field
theory providing quite accurate results and matches the
physical reality at low energies to a rather high preci-
sion. So the observed consistency does not mean yet
that the nature of the Higgs boson and electroweak sym-
metry breaking (EWSB) is completely understood at the
fundamental level. One of the immediate questions that
challenge our current understanding of symmetries in Na-
ture is what initiates the Higgs mechanism of electroweak
symmetry breaking (EWSB) in the SM. Namely, whether
it is actually SM-like or in fact an e”ective description
appearing as a consequence of a new fundamental sym-
metry. The experimental precision in the Higgs SM sec-
tor should be noticeably increased to the level of preci-
sion tests achieved in other SM sectors (i.e. flavor and
electroweak (EW) gauge boson sectors) in order to draw
final conclusions. In particular, in the EW sector of the
SM the agreement of theoretical predictions with preci-
sion measurements takes place at the level of → 10→3 in
relative error which remains a rather big challenge for on-
going experimental investigations of the SM Higgs sector
at the LHC.

A new strongly-coupled dynamics at a TeV energy
scale is often considered to be responsible for EWSB in
the SM [5–8]. Namely, it initiates the EWSB dynam-
ically by means of strongly-interacting techniquark (or
T-quark) condensation at low energy scales → 100 GeV.
A straightforward analogy to this e”ect is the sponta-
neous chiral symmetry breaking in non-perturbative chi-
ral QCD with only di”erence that the e”ective Higgs
mechanism is initiated by a non-diagonal T-quark con-
densate. Such a new dynamics unavoidably predicts a
plenty of new states, most importantly, composite Higgs-
like particles [11, 12] and partners of SM fermions [13],
whose properties depend on the group-theoretical struc-
ture of underlined theory and its ultraviolet (UV) com-
pletion. Besides the composite Higgs-like state, the latter
predict a plenty of new relatively light pseudo-Goldstone
composite states, like technipions (or T-pions below),
techni-ϑ, techni-K, etc, whose search in low invariant
mass regions is strongly limited by large SM backgrounds
and weak couplings to SM particles. The search for a
family of new light (pseudo)scalar states with invariant
masses below 200 GeV is one of the priority topics for
new strongly-coupled physics searches at the LHC Run
II.

A large number of various realisations of such a new
dynamics at a TeV scale, commonly dubbed as “Tech-
nicolor” (TC) or “compositeness” scenarios, have been
proposed in the literature so far (for a review, see
e.g. Refs. [9, 10]). Such a big variety, however, has
got reduced by severe electroweak (EW) precision tests
[14, 15] and recent SM Higgs-like particle observations.
At present, among the most appealing scenarios of dy-
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GALP-photon coupling scaling

to be compared to the standard KSVZ axion case:

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

5

FIG. 1. The GALP-photon coupling gGALPω versus mass mGALP = 6!. The upper hatched domain is excluded by the GALP
DM stability constraint, requiring GALP stability on cosmological scales ”ω < t→1

U ; the left hatched domain is excluded by
bounds on self-interacting DM [42], while the blue region is ruled out by astrophysical DM searches as well as by the cosmological
bound specified in the text. The red dashed lines represent the GALP coupling-mass relation in Eq. (17) for four distinct values
of M!. The upper axis shows the value of ω→1

T needed to make GALPs the totality of DM for a given mass, considering
!0 = 100 eV.

Due to GALP DM being heavy with !-loop sup-
pressed interactions to the visible sector, the unitar-
ity constraint [78], required by DM freeze-out of ther-
mal equilibrium with the SM bath, can be naturally
avoided. GALPs were not produced by freeze out, but
via confinement in the dark gauge sector, while equilib-
rium with visible one was reached only asymptotically
at T ↭ M! → ”, i.e. in deconfined phase. The GALPs
were formed at T ↑ ω

→1
T Tω ↓ ” with ω

→1
T ↔ 1, such

that they were not in equilibrium with the SM bath
since their formation until the present epoch. This can
be seen by comparing the GALP-photon interaction rate
#ω ↓ g

2
GALPωT

3
ω ω

→3
T with H ↓ T

2
ω /MP, leading to the

equilibrium condition gGALPω ↭ (Tωω
→3
T MP)→1/2. The

latter suggests that GALPs with gGALPω ↫ 10→18 GeV→1

have not been in thermal equilibrium since their produc-
tion epoch, in agreement with [79]. Fig. 1 shows large

domains of the yet unexplored parameter space for ultra-
heavy DM GALPs which are expected to be probed by
indirect DM searches [25, 80].

In conclusions, our work provides an innovative frame-
work suggesting a whole new class of composite DM
models featuring ALP-type interactions with photons
characterized by the novel electromagnetic coupling-
mass relation (17). In the suggested framework, ALPs
emerge as glueball states (or GALPs) of a confining dark
Yang–Mills sector. We build the first minimal reali-
sation of GALPs with yet unexplored vast domains of
the physical parameter space naturally featuring large
masses mGALP > 120 MeV and highly suppressed pho-
ton couplings gGALPω < 10→23 GeV→1 that arise with-
out any fine-tuning due to an emergent PQ-like scale.
The minimality of the GALP DM framework is two-
fold: on the UV theory side, it contains just an extra

4

Turning to the mass basis {ω, a} → {ε1, ε2}, the glueball-
photon interactions are governed by the Lagrangian

Le! ↑ 1

4

∑

i=1,2

[
gωiε εiFµϑF

µϑ + g̃ωiε εiFµϑ F̃
µϑ
]
. (16)

GALP mass-coupling relation.— A strong CP-
violation in the dark sector implies that the glueball
VEVs satisfy ω0 ↓ a0 ↓ ! while the ω-a mixing angle ϑ is
large. As a result, from the viewpoint of particle astro-
physics the physical glueballs ε1,2 interact with photons
with similar rates while having similar masses e”ectively
acting as axion DM. Hence, we refer to these states as
Glueball Axion-Like Particles (GALPs) whose e”ective
couplings satisfy gωiε ↓ g̃ωiε ↔ gGALPε , where

gGALPε = ϖϱ
2!→1

[ !

M”

]4
(17)

= 2.45↗ 10→7 GeV→1
ϖ

[
mGALP

GeV

]3[ M”

GeV

]→4
.

Here, as a proof-of-concept, we introduce a universal
GALP mass scale m1 ↓ m2 ↔ mGALP = 6! [73],
and a universal dimensionless coe#cient ϖ expected to
be of order 0.1 – 10. The relation (17) is a defin-
ing property for the whole class of novel GALP DM
scenarios featuring a specific dependence on two dis-
tinct scales: mGALP ↘ M” and M”. This can be
compared to an analogous relation for QCD axions,
e.g. gaε = 2↗ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 74].

Given a remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eq. (17) into (4)

fa ≃ 4.1↗ 103 GeV ϖ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

In the minimal EFT approach developed above, the
GALP coupling to photons, gGALPε , is linked to the
GALP mass, mGALP. Let us investigate how this re-
lation correlates with the DM relic abundance. Assume
that for su#ciently high temperatures T ⇐ M” the SM
bath and the dark-sector $ fermion are in thermal equi-
librium. As the Universe cools down to T ↓ M”, $ and
$̄ start to annihilate into the SM XSM and dark gluon
g̃g̃ final states, with rates %””̄↑XSM

and %””̄↑g̃g̃, re-
spectively. For these processes to e#ciently reheat the
SM bath relative to the dark sector, hence to suppress
the dark-to-visible temperature ratio, ς→1

T , we introduce
a small parameter

φ ↔
%””̄↑g̃g̃

%””̄↑XSM

↘ 1 , (19)

such that $-fermions annihilate mostly into the SM par-
ticles. This parameter φ is a key observable characteristic

of the portal interactions between the dark and visible
sectors and depends on the details of the UV model.
At the temperature of the dark sector, T ↔ Tg̃ ≃ M”,

when $$̄-annihilation completes, the resulting densities
of photons ↼ε and dark gluons ↼g̃ are related as

↼g̃

↼ε
↓ φ ↓ (N2 ⇒ 1)

(
T

Tε

)4
, (20)

where the prefactor indicates the number of dark gluon
degrees of freedom. Then, as the Universe cools down

to the modern temperature T
(0)
ε , the entropy produc-

tion events in the visible sector also a”ect the pho-
ton temperature increasing it by an additional factor of[
g↓,s(T

(0)
ε )/g↓,s(M”)

]→1/3
. Here, g↓,s(T

(0)
ε ) = 3.909 is

the number of entropic degrees of freedom of the rel-
ativistic (photon) bath today, while g↓,s(M”) refers to
the same quantity at the $$̄-annihilation epoch (equal
to 106.75 for pure SM). As a result, the dark-to-visible
sector temperature ratio in the modern epoch reads,

ς
→1
T =

(
φ

N2 ⇒ 1

)1/4 [
g↓,s(T

(0)
ε )

g↓,s(M”)

]1/3
↘ 1 . (21)

The condition for GALPs constituting the totality of
DM, i.e. ς→3

T mGALP/(6!0) ≃ 1, e”ectively connects the
dark-to-visible portal information encoded in φ with the
GALP mass. In numerical analysis we explore the pa-
rameter space {gGALPε ,mGALP} particularly relevant for
DM searches setting bounds on it for the first time by
taking ϖ ↓ 1 without any loss of generality. We note
that it is straightforward to rescale the allowed values of
gGALPε by a suitable value of ϖ once it becomes available
from lattice simulations. For a direct connection of the
GALP-to-photon decay rate with the non-perturbative
matrix elements that would be probed by lattice calcu-
lations, see Ref. [71].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (17).
The upper hatched domain is excluded due to the cos-
mological bound of the GALP stability while the left
hatched domain for light mGALP ↫ 120 MeV is due to
DM self-interaction constraint [69]. GALPs decaying into
photons during the Big Bang Nucleosynthesis would af-
fect the primordial nuclei abundances. We extended the
bound of [75] towards the higher mass limiting it to be
below the reheating temperature which gives rise to the
upper bound of the excluded blue domain. Its lower
bound represents the constraint from the ultra-massive
decaying DM searches [76, 77] reaching the mass of up to
1011 GeV and the decay rates of down to ↓ O(10→26s→1),
or even lower. The slices of the parameter space for each
fixed value of M” are represented by red dashed lines.
Note that above the EFT boundary mGALP ≃ M” the
considered EFT approach breaks down. Thus, the phe-
nomenologically viable (white) domain is in agreement
with the existing constraints.
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Turning to the mass basis {ω, a} → {ε1, ε2}, the glueball-
photon interactions are governed by the Lagrangian

Le! ↑ 1

4

∑

i=1,2

[
gωiε εiFµϑF

µϑ + g̃ωiε εiFµϑ F̃
µϑ
]
. (16)

GALP mass-coupling relation.— A strong CP-
violation in the dark sector implies that the glueball
VEVs satisfy ω0 ↓ a0 ↓ ! while the ω-a mixing angle ϑ is
large. As a result, from the viewpoint of particle astro-
physics the physical glueballs ε1,2 interact with photons
with similar rates while having similar masses e”ectively
acting as axion DM. Hence, we refer to these states as
Glueball Axion-Like Particles (GALPs) whose e”ective
couplings satisfy gωiε ↓ g̃ωiε ↔ gGALPε , where

gGALPε = ϖϱ
2!→1
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]3[ M”
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Here, as a proof-of-concept, we introduce a universal
GALP mass scale m1 ↓ m2 ↔ mGALP = 6! [73],
and a universal dimensionless coe#cient ϖ expected to
be of order 0.1 – 10. The relation (17) is a defin-
ing property for the whole class of novel GALP DM
scenarios featuring a specific dependence on two dis-
tinct scales: mGALP ↘ M” and M”. This can be
compared to an analogous relation for QCD axions,
e.g. gaε = 2↗ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 74].

Given a remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eq. (17) into (4)

fa ≃ 4.1↗ 103 GeV ϖ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

In the minimal EFT approach developed above, the
GALP coupling to photons, gGALPε , is linked to the
GALP mass, mGALP. Let us investigate how this re-
lation correlates with the DM relic abundance. Assume
that for su#ciently high temperatures T ⇐ M” the SM
bath and the dark-sector $ fermion are in thermal equi-
librium. As the Universe cools down to T ↓ M”, $ and
$̄ start to annihilate into the SM XSM and dark gluon
g̃g̃ final states, with rates %””̄↑XSM

and %””̄↑g̃g̃, re-
spectively. For these processes to e#ciently reheat the
SM bath relative to the dark sector, hence to suppress
the dark-to-visible temperature ratio, ς→1

T , we introduce
a small parameter

φ ↔
%””̄↑g̃g̃

%””̄↑XSM

↘ 1 , (19)

such that $-fermions annihilate mostly into the SM par-
ticles. This parameter φ is a key observable characteristic

of the portal interactions between the dark and visible
sectors and depends on the details of the UV model.
At the temperature of the dark sector, T ↔ Tg̃ ≃ M”,

when $$̄-annihilation completes, the resulting densities
of photons ↼ε and dark gluons ↼g̃ are related as

↼g̃

↼ε
↓ φ ↓ (N2 ⇒ 1)

(
T

Tε

)4
, (20)

where the prefactor indicates the number of dark gluon
degrees of freedom. Then, as the Universe cools down

to the modern temperature T
(0)
ε , the entropy produc-

tion events in the visible sector also a”ect the pho-
ton temperature increasing it by an additional factor of[
g↓,s(T

(0)
ε )/g↓,s(M”)

]→1/3
. Here, g↓,s(T

(0)
ε ) = 3.909 is

the number of entropic degrees of freedom of the rel-
ativistic (photon) bath today, while g↓,s(M”) refers to
the same quantity at the $$̄-annihilation epoch (equal
to 106.75 for pure SM). As a result, the dark-to-visible
sector temperature ratio in the modern epoch reads,

ς
→1
T =

(
φ

N2 ⇒ 1

)1/4 [
g↓,s(T

(0)
ε )

g↓,s(M”)

]1/3
↘ 1 . (21)

The condition for GALPs constituting the totality of
DM, i.e. ς→3

T mGALP/(6!0) ≃ 1, e”ectively connects the
dark-to-visible portal information encoded in φ with the
GALP mass. In numerical analysis we explore the pa-
rameter space {gGALPε ,mGALP} particularly relevant for
DM searches setting bounds on it for the first time by
taking ϖ ↓ 1 without any loss of generality. We note
that it is straightforward to rescale the allowed values of
gGALPε by a suitable value of ϖ once it becomes available
from lattice simulations. For a direct connection of the
GALP-to-photon decay rate with the non-perturbative
matrix elements that would be probed by lattice calcu-
lations, see Ref. [71].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (17).
The upper hatched domain is excluded due to the cos-
mological bound of the GALP stability while the left
hatched domain for light mGALP ↫ 120 MeV is due to
DM self-interaction constraint [69]. GALPs decaying into
photons during the Big Bang Nucleosynthesis would af-
fect the primordial nuclei abundances. We extended the
bound of [75] towards the higher mass limiting it to be
below the reheating temperature which gives rise to the
upper bound of the excluded blue domain. Its lower
bound represents the constraint from the ultra-massive
decaying DM searches [76, 77] reaching the mass of up to
1011 GeV and the decay rates of down to ↓ O(10→26s→1),
or even lower. The slices of the parameter space for each
fixed value of M” are represented by red dashed lines.
Note that above the EFT boundary mGALP ≃ M” the
considered EFT approach breaks down. Thus, the phe-
nomenologically viable (white) domain is in agreement
with the existing constraints.
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What composes the strongly coupled sector?
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Gluons + Fermions + Scalars (not explored yet)
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For a standard axion:

Composite heavy axion-like dark matter

Pierluca Carenza,1 Roman Pasechnik,2 and Zhi-Wei Wang3

1The Oskar Klein Centre, Department of Physics,
Stockholm University, Stockholm 106 91, Sweden

2Department of Physics, Lund University SE-223 62 Lund, Sweden
3School of Physics, The University of Electronic Science and Technology of China,

No. 2006, Xiyuan Ave, West Hi-Tech Zone, Chengdu, China

We propose a novel class of Dark Matter (DM) candidates in the form of a heavy composite
Axion-Like Particle (ALP) with highly suppressed electromagnetic interactions populating vast yet
unexplored domains in the ALP parameter space. This is achieved for the first time in the simplest
dark confining gauge theory yielding a new composite glueball ALP (GALP) DM coupling-mass
relation found in terms of two distinct fundamental scales – the large dark fermion mass scale and
the dynamical scale of dark confinement. The presence of a heavy fermion portal between the
visible (photons) and dark (GALPs) sectors ensures a strong radiative suppression of the GALP-
photon coupling naturally without any fine-tuning. The observable features of heavy GALP DM in a
minimal realization are controlled by only three physical parameters. Our work paves the road for a
novel research field exploring the theory and phenomenology of composite ALPs in multi-messenger
astrophysics and cosmology.

Introduction.— Over past decades, several new fun-
damental particles have been proposed as possible par-
ticle Dark Matter (DM) candidates, each with unique
properties and signatures. The most popular DM can-
didates are typically separated into two di!erent classes
of models based upon their mass scales – wave-like (light
DM) and particle-like (heavy DM). In the first class of
models in the light (sub-eV) mass range, the QCD axion
and Axion-Like Particles (ALPs), collectively referred to
as ‘axions’, are considered among the promising DM can-
didates [1–5]. Axions may appear in various extensions
of the Standard Model (SM), such as QCD axions that
address the strong CP problem [6–10], or ALPs emerg-
ing in model inspired by string theory such as the “string
axiverse” [11–17]. Numerous ongoing and planned exper-
imental searches aim to detect axion-type DM particles,
primarily through their photon coupling [18–20]. While
several models with the axion mass above keV have been
proposed [15, 16, 21] (for a review, see e.g. Ref. [10]),
heavy axions are never considered to be viable DM can-
didates due to their e”cient decay into lighter SM par-
ticles. In the second class of models well above the eV
scale, usually at the GeV scale or beyond, Weakly Inter-
acting Massive Particles (WIMPs) and heavy WIMP-like
states remain attractive DM candidates [22–25], which
gained considerable attention for their role in explaining
the observed ω-ray excess from the Milky Way center [26–
29]. The WIMP annihilation signatures are searched
for not only in energetic ω-fluxes but also in cosmic
rays and neutrinos [25] placing a bound on the mass
mWIMP ↭ (20→ 100) GeV, or even lower [30, 31], de-
pending on the annihilation channels [24, 32].

There has been a great e!ort to probe parameter
spaces for both ALP and WIMP types of DM, placing
severe exclusion bounds on both classes of models. In
view of the negative results of the searches, it becomes
highly relevant to probe novel yet unexplored classes of
DM models, with a much larger parameter space shar-

ing some of the basic characteristics of both ALPs and
WIMPs. In this work, we propose a new type of DM can-
didates that serve this purpose featuring both the ALP
type of interactions with the visible sector and WIMP-
like mass scales, and beyond, thus, significantly expand-
ing the parameter space available for ALP DM searches.
Challenges of ALPs.—Consider the case of an ax-

ion field a coupled only to photons via the e!ective 5-
dimensional operator

L = →1

4
gaωaFµε F̃

µε
, (1)

where gaω is the axion-photon coupling, Fµε is the elec-
tromagnetic field strength tensor and F̃

µε is its dual. In
this case, the axion a ↑ ωω decay rate,

#ω =
g
2
aωm

3
a

64ε
↓ 3.3t→1

U

[
gaω

10→7 GeV→1

]2 (ma

eV

)3
, (2)

has to be compared with the inverse age of the Universe
t
→1
U ↓ 2.3 ↔ 10→18 s→1, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.

gaω ↫ 5.5↔ 10→7 GeV→1
(
ma

eV

)→3/2
. (3)

In the standard approach, the axion-photon coupling
cannot be arbitrarily small because it is mainly set by
the Peccei-Quinn (PQ) energy scale, fa, considered to
be a fundamental parameter of the theory. For example,
in the case of QCD axions, fa governs the breaking of
the global PQ symmetry generating the axion as associ-
ated pseudo-Goldstone boson [33]. The PQ scale can be
expressed in terms of the axion-photon coupling as

fa ↓ ϑ
ϖ

2εgaω
↓ 1017 GeV

(
gaω

10→20 GeV→1

)→1

, (4)
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We propose a novel class of Dark Matter (DM) candidates in the form of a heavy composite
Axion-Like Particle (ALP) with highly suppressed electromagnetic interactions populating vast yet
unexplored domains in the ALP parameter space. This is achieved for the first time in the simplest
dark confining gauge theory yielding a new composite glueball ALP (GALP) DM coupling-mass
relation found in terms of two distinct fundamental scales – the large dark fermion mass scale and
the dynamical scale of dark confinement. The presence of a heavy fermion portal between the
visible (photons) and dark (GALPs) sectors ensures a strong radiative suppression of the GALP-
photon coupling naturally without any fine-tuning. The observable features of heavy GALP DM in a
minimal realization are controlled by only three physical parameters. Our work paves the road for a
novel research field exploring the theory and phenomenology of composite ALPs in multi-messenger
astrophysics and cosmology.

Introduction.— Over past decades, several new fun-
damental particles have been proposed as possible par-
ticle Dark Matter (DM) candidates, each with unique
properties and signatures. The most popular DM can-
didates are typically separated into two di!erent classes
of models based upon their mass scales – wave-like (light
DM) and particle-like (heavy DM). In the first class of
models in the light (sub-eV) mass range, the QCD axion
and Axion-Like Particles (ALPs), collectively referred to
as ‘axions’, are considered among the promising DM can-
didates [1–5]. Axions may appear in various extensions
of the Standard Model (SM), such as QCD axions that
address the strong CP problem [6–10], or ALPs emerg-
ing in model inspired by string theory such as the “string
axiverse” [11–17]. Numerous ongoing and planned exper-
imental searches aim to detect axion-type DM particles,
primarily through their photon coupling [18–20]. While
several models with the axion mass above keV have been
proposed [15, 16, 21] (for a review, see e.g. Ref. [10]),
heavy axions are never considered to be viable DM can-
didates due to their e”cient decay into lighter SM par-
ticles. In the second class of models well above the eV
scale, usually at the GeV scale or beyond, Weakly Inter-
acting Massive Particles (WIMPs) and heavy WIMP-like
states remain attractive DM candidates [22–25], which
gained considerable attention for their role in explaining
the observed ω-ray excess from the Milky Way center [26–
29]. The WIMP annihilation signatures are searched
for not only in energetic ω-fluxes but also in cosmic
rays and neutrinos [25] placing a bound on the mass
mWIMP ↭ (20→ 100) GeV, or even lower [30, 31], de-
pending on the annihilation channels [24, 32].

There has been a great e!ort to probe parameter
spaces for both ALP and WIMP types of DM, placing
severe exclusion bounds on both classes of models. In
view of the negative results of the searches, it becomes
highly relevant to probe novel yet unexplored classes of
DM models, with a much larger parameter space shar-

ing some of the basic characteristics of both ALPs and
WIMPs. In this work, we propose a new type of DM can-
didates that serve this purpose featuring both the ALP
type of interactions with the visible sector and WIMP-
like mass scales, and beyond, thus, significantly expand-
ing the parameter space available for ALP DM searches.
Challenges of ALPs.—Consider the case of an ax-

ion field a coupled only to photons via the e!ective 5-
dimensional operator

L = →1

4
gaωaFµε F̃

µε
, (1)

where gaω is the axion-photon coupling, Fµε is the elec-
tromagnetic field strength tensor and F̃

µε is its dual. In
this case, the axion a ↑ ωω decay rate,

#ω =
g
2
aωm

3
a

64ε
↓ 3.3t→1

U

[
gaω

10→7 GeV→1

]2 (ma

eV

)3
, (2)

has to be compared with the inverse age of the Universe
t
→1
U ↓ 2.3 ↔ 10→18 s→1, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.

gaω ↫ 5.5↔ 10→7 GeV→1
(
ma

eV

)→3/2
. (3)

In the standard approach, the axion-photon coupling
cannot be arbitrarily small because it is mainly set by
the Peccei-Quinn (PQ) energy scale, fa, considered to
be a fundamental parameter of the theory. For example,
in the case of QCD axions, fa governs the breaking of
the global PQ symmetry generating the axion as associ-
ated pseudo-Goldstone boson [33]. The PQ scale can be
expressed in terms of the axion-photon coupling as

fa ↓ ϑ
ϖ

2εgaω
↓ 1017 GeV

(
gaω

10→20 GeV→1

)→1

, (4)
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We propose a novel class of Dark Matter (DM) candidates in the form of a heavy composite
Axion-Like Particle (ALP) with highly suppressed electromagnetic interactions populating vast yet
unexplored domains in the ALP parameter space. This is achieved for the first time in the simplest
dark confining gauge theory yielding a new composite glueball ALP (GALP) DM coupling-mass
relation found in terms of two distinct fundamental scales – the large dark fermion mass scale and
the dynamical scale of dark confinement. The presence of a heavy fermion portal between the
visible (photons) and dark (GALPs) sectors ensures a strong radiative suppression of the GALP-
photon coupling naturally without any fine-tuning. The observable features of heavy GALP DM in a
minimal realization are controlled by only three physical parameters. Our work paves the road for a
novel research field exploring the theory and phenomenology of composite ALPs in multi-messenger
astrophysics and cosmology.

Introduction.— Over past decades, several new fun-
damental particles have been proposed as possible par-
ticle Dark Matter (DM) candidates, each with unique
properties and signatures. The most popular DM can-
didates are typically separated into two di!erent classes
of models based upon their mass scales – wave-like (light
DM) and particle-like (heavy DM). In the first class of
models in the light (sub-eV) mass range, the QCD axion
and Axion-Like Particles (ALPs), collectively referred to
as ‘axions’, are considered among the promising DM can-
didates [1–5]. Axions may appear in various extensions
of the Standard Model (SM), such as QCD axions that
address the strong CP problem [6–10], or ALPs emerg-
ing in model inspired by string theory such as the “string
axiverse” [11–17]. Numerous ongoing and planned exper-
imental searches aim to detect axion-type DM particles,
primarily through their photon coupling [18–20]. While
several models with the axion mass above keV have been
proposed [15, 16, 21] (for a review, see e.g. Ref. [10]),
heavy axions are never considered to be viable DM can-
didates due to their e”cient decay into lighter SM par-
ticles. In the second class of models well above the eV
scale, usually at the GeV scale or beyond, Weakly Inter-
acting Massive Particles (WIMPs) and heavy WIMP-like
states remain attractive DM candidates [22–25], which
gained considerable attention for their role in explaining
the observed ω-ray excess from the Milky Way center [26–
29]. The WIMP annihilation signatures are searched
for not only in energetic ω-fluxes but also in cosmic
rays and neutrinos [25] placing a bound on the mass
mWIMP ↭ (20→ 100) GeV, or even lower [30, 31], de-
pending on the annihilation channels [24, 32].

There has been a great e!ort to probe parameter
spaces for both ALP and WIMP types of DM, placing
severe exclusion bounds on both classes of models. In
view of the negative results of the searches, it becomes
highly relevant to probe novel yet unexplored classes of
DM models, with a much larger parameter space shar-

ing some of the basic characteristics of both ALPs and
WIMPs. In this work, we propose a new type of DM can-
didates that serve this purpose featuring both the ALP
type of interactions with the visible sector and WIMP-
like mass scales, and beyond, thus, significantly expand-
ing the parameter space available for ALP DM searches.
Challenges of ALPs.—Consider the case of an ax-

ion field a coupled only to photons via the e!ective 5-
dimensional operator

L = →1

4
gaωaFµε F̃

µε
, (1)

where gaω is the axion-photon coupling, Fµε is the elec-
tromagnetic field strength tensor and F̃

µε is its dual. In
this case, the axion a ↑ ωω decay rate,

#ω =
g
2
aωm

3
a

64ε
↓ 3.3t→1

U

[
gaω

10→7 GeV→1

]2 (ma

eV

)3
, (2)

has to be compared with the inverse age of the Universe
t
→1
U ↓ 2.3 ↔ 10→18 s→1, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.

gaω ↫ 5.5↔ 10→7 GeV→1
(
ma

eV

)→3/2
. (3)

In the standard approach, the axion-photon coupling
cannot be arbitrarily small because it is mainly set by
the Peccei-Quinn (PQ) energy scale, fa, considered to
be a fundamental parameter of the theory. For example,
in the case of QCD axions, fa governs the breaking of
the global PQ symmetry generating the axion as associ-
ated pseudo-Goldstone boson [33]. The PQ scale can be
expressed in terms of the axion-photon coupling as

fa ↓ ϑ
ϖ

2εgaω
↓ 1017 GeV

(
gaω

10→20 GeV→1

)→1

, (4)
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We propose a novel class of Dark Matter (DM) candidates in the form of a heavy composite
Axion-Like Particle (ALP) with highly suppressed electromagnetic interactions populating vast yet
unexplored domains in the ALP parameter space. This is achieved for the first time in the simplest
dark confining gauge theory yielding a new composite glueball ALP (GALP) DM coupling-mass
relation found in terms of two distinct fundamental scales – the large dark fermion mass scale and
the dynamical scale of dark confinement. The presence of a heavy fermion portal between the
visible (photons) and dark (GALPs) sectors ensures a strong radiative suppression of the GALP-
photon coupling naturally without any fine-tuning. The observable features of heavy GALP DM in a
minimal realization are controlled by only three physical parameters. Our work paves the road for a
novel research field exploring the theory and phenomenology of composite ALPs in multi-messenger
astrophysics and cosmology.

Introduction.— Over past decades, several new fun-
damental particles have been proposed as possible par-
ticle Dark Matter (DM) candidates, each with unique
properties and signatures. The most popular DM can-
didates are typically separated into two di!erent classes
of models based upon their mass scales – wave-like (light
DM) and particle-like (heavy DM). In the first class of
models in the light (sub-eV) mass range, the QCD axion
and Axion-Like Particles (ALPs), collectively referred to
as ‘axions’, are considered among the promising DM can-
didates [1–5]. Axions may appear in various extensions
of the Standard Model (SM), such as QCD axions that
address the strong CP problem [6–10], or ALPs emerg-
ing in model inspired by string theory such as the “string
axiverse” [11–17]. Numerous ongoing and planned exper-
imental searches aim to detect axion-type DM particles,
primarily through their photon coupling [18–20]. While
several models with the axion mass above keV have been
proposed [15, 16, 21] (for a review, see e.g. Ref. [10]),
heavy axions are never considered to be viable DM can-
didates due to their e”cient decay into lighter SM par-
ticles. In the second class of models well above the eV
scale, usually at the GeV scale or beyond, Weakly Inter-
acting Massive Particles (WIMPs) and heavy WIMP-like
states remain attractive DM candidates [22–25], which
gained considerable attention for their role in explaining
the observed ω-ray excess from the Milky Way center [26–
29]. The WIMP annihilation signatures are searched
for not only in energetic ω-fluxes but also in cosmic
rays and neutrinos [25] placing a bound on the mass
mWIMP ↭ (20→ 100) GeV, or even lower [30, 31], de-
pending on the annihilation channels [24, 32].

There has been a great e!ort to probe parameter
spaces for both ALP and WIMP types of DM, placing
severe exclusion bounds on both classes of models. In
view of the negative results of the searches, it becomes
highly relevant to probe novel yet unexplored classes of
DM models, with a much larger parameter space shar-

ing some of the basic characteristics of both ALPs and
WIMPs. In this work, we propose a new type of DM can-
didates that serve this purpose featuring both the ALP
type of interactions with the visible sector and WIMP-
like mass scales, and beyond, thus, significantly expand-
ing the parameter space available for ALP DM searches.
Challenges of ALPs.—Consider the case of an ax-

ion field a coupled only to photons via the e!ective 5-
dimensional operator

L = →1

4
gaωaFµε F̃

µε
, (1)

where gaω is the axion-photon coupling, Fµε is the elec-
tromagnetic field strength tensor and F̃

µε is its dual. In
this case, the axion a ↑ ωω decay rate,

#ω =
g
2
aωm

3
a

64ε
↓ 3.3t→1

U

[
gaω

10→7 GeV→1

]2 (ma

eV

)3
, (2)

has to be compared with the inverse age of the Universe
t
→1
U ↓ 2.3 ↔ 10→18 s→1, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.

gaω ↫ 5.5↔ 10→7 GeV→1
(
ma

eV

)→3/2
. (3)

In the standard approach, the axion-photon coupling
cannot be arbitrarily small because it is mainly set by
the Peccei-Quinn (PQ) energy scale, fa, considered to
be a fundamental parameter of the theory. For example,
in the case of QCD axions, fa governs the breaking of
the global PQ symmetry generating the axion as associ-
ated pseudo-Goldstone boson [33]. The PQ scale can be
expressed in terms of the axion-photon coupling as

fa ↓ ϑ
ϖ

2εgaω
↓ 1017 GeV

(
gaω

10→20 GeV→1

)→1

, (4)
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We propose a novel class of Dark Matter (DM) candidates in the form of a heavy composite
Axion-Like Particle (ALP) with highly suppressed electromagnetic interactions populating vast yet
unexplored domains in the ALP parameter space. This is achieved for the first time in the simplest
dark confining gauge theory yielding a new composite glueball ALP (GALP) DM coupling-mass
relation found in terms of two distinct fundamental scales – the large dark fermion mass scale and
the dynamical scale of dark confinement. The presence of a heavy fermion portal between the
visible (photons) and dark (GALPs) sectors ensures a strong radiative suppression of the GALP-
photon coupling naturally without any fine-tuning. The observable features of heavy GALP DM in a
minimal realization are controlled by only three physical parameters. Our work paves the road for a
novel research field exploring the theory and phenomenology of composite ALPs in multi-messenger
astrophysics and cosmology.

Introduction.— Over past decades, several new fun-
damental particles have been proposed as possible par-
ticle Dark Matter (DM) candidates, each with unique
properties and signatures. The most popular DM can-
didates are typically separated into two di!erent classes
of models based upon their mass scales – wave-like (light
DM) and particle-like (heavy DM). In the first class of
models in the light (sub-eV) mass range, the QCD axion
and Axion-Like Particles (ALPs), collectively referred to
as ‘axions’, are considered among the promising DM can-
didates [1–5]. Axions may appear in various extensions
of the Standard Model (SM), such as QCD axions that
address the strong CP problem [6–10], or ALPs emerg-
ing in model inspired by string theory such as the “string
axiverse” [11–17]. Numerous ongoing and planned exper-
imental searches aim to detect axion-type DM particles,
primarily through their photon coupling [18–20]. While
several models with the axion mass above keV have been
proposed [15, 16, 21] (for a review, see e.g. Ref. [10]),
heavy axions are never considered to be viable DM can-
didates due to their e”cient decay into lighter SM par-
ticles. In the second class of models well above the eV
scale, usually at the GeV scale or beyond, Weakly Inter-
acting Massive Particles (WIMPs) and heavy WIMP-like
states remain attractive DM candidates [22–25], which
gained considerable attention for their role in explaining
the observed ω-ray excess from the Milky Way center [26–
29]. The WIMP annihilation signatures are searched
for not only in energetic ω-fluxes but also in cosmic
rays and neutrinos [25] placing a bound on the mass
mWIMP ↭ (20→ 100) GeV, or even lower [30, 31], de-
pending on the annihilation channels [24, 32].

There has been a great e!ort to probe parameter
spaces for both ALP and WIMP types of DM, placing
severe exclusion bounds on both classes of models. In
view of the negative results of the searches, it becomes
highly relevant to probe novel yet unexplored classes of
DM models, with a much larger parameter space shar-

ing some of the basic characteristics of both ALPs and
WIMPs. In this work, we propose a new type of DM can-
didates that serve this purpose featuring both the ALP
type of interactions with the visible sector and WIMP-
like mass scales, and beyond, thus, significantly expand-
ing the parameter space available for ALP DM searches.
Challenges of ALPs.—Consider the case of an ax-

ion field a coupled only to photons via the e!ective 5-
dimensional operator

L = →1

4
gaωaFµε F̃

µε
, (1)

where gaω is the axion-photon coupling, Fµε is the elec-
tromagnetic field strength tensor and F̃

µε is its dual. In
this case, the axion a ↑ ωω decay rate,

#ω =
g
2
aωm

3
a

64ε
↓ 3.3t→1

U

[
gaω

10→7 GeV→1

]2 (ma

eV

)3
, (2)

has to be compared with the inverse age of the Universe
t
→1
U ↓ 2.3 ↔ 10→18 s→1, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.

gaω ↫ 5.5↔ 10→7 GeV→1
(
ma

eV

)→3/2
. (3)

In the standard approach, the axion-photon coupling
cannot be arbitrarily small because it is mainly set by
the Peccei-Quinn (PQ) energy scale, fa, considered to
be a fundamental parameter of the theory. For example,
in the case of QCD axions, fa governs the breaking of
the global PQ symmetry generating the axion as associ-
ated pseudo-Goldstone boson [33]. The PQ scale can be
expressed in terms of the axion-photon coupling as

fa ↓ ϑ
ϖ

2εgaω
↓ 1017 GeV

(
gaω

10→20 GeV→1

)→1

, (4)
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Largest axion DM mass scale:

2

where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,

LSU(N) = ↔1

4
G

a
µεG

µεa +
ϑ

4
G

a
µεG̃

µεa
,

G
a
µε = ϖµA

a
ε ↔ ϖεA

a
µ + gf

abc
A

b
µA

c
ε ,

(5)

with gauge fields Ac
µ, the coupling g = g(µ) running with

the scale µ, and the structure constants f
abc, a, b, c =

1, . . . , N2 ↔ 1. Here, G
a
µε is the field strength tensor

and G̃
a
µε = 1

2ϱµεϑϖG
ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as

H4 ↗ ↔ς(g)

2g
G

a
µεG

µεa
, AH3 ↗ G

a
µεG̃

µεa
, (6)

in terms of ς-function ς(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]
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µA↔ Ve!(H,A) . (7)

Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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G

a
µεG

µεa = ↔H4
, (8)

being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to

ϖµD
µ = ↔#µ

µ = 4Ve! ↔ ϖVe!

ϖH H↔ ϖVe!

ϖA A , (9)

where #µε is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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(10)

in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
{↽0, a0} ⇐ O(1)!. Then, turning to the mass basis of
these excitations by means of rotation by an angle ⇀, the
resulting EFT potential can be represented as follows,
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as
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in terms of ς-function ς(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]
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Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to
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µ = ↔#µ
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where #µε is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
{↽0, a0} ⇐ O(1)!. Then, turning to the mass basis of
these excitations by means of rotation by an angle ⇀, the
resulting EFT potential can be represented as follows,
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‘Super-Planckian’ PQ scale                  in order to suppress axion decay!
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where the model dependent factor ω is assumed to be
O(1), and ε is the fine-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. fa ↭ MP with MP = 1.22 → 1019 GeV, sets a lower
limit on gaω and hence on the largest stable axion DM
mass scale, ma ↭ 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
gaω and to push for higher axion masses, there are cer-
tain attempts to accommodate ‘super-Planckian axions’
(see e.g. Refs. [34–36]) which however face big challenges
to achieve a strong hierarchy fa ↑ MP. Therefore, new
ideas are required to go significantly beyond the current
state-of-the-art to unveil new unexplored avenues in ALP
DM research.

The above mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of fa as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon com-
posite dynamics where fa appears as an emergent scale
which is not associated with any fundamental symmetry
breaking, while the ALP itself is no longer considered
as a pseudo-Goldstone mode. This framework leads to
a new class of composite ALP-like DM candidates natu-
rally reaching a much largerma, as well as a much smaller
gaω and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong fa ↫ MP hierarchy. Below, we demon-
strate that such ALP-like states originate in confining
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs.— We postulate the ex-
istence of a dark sector with an additional exact SU(N)
gauge symmetry, with number of colors N ↓ 3. The dy-
namics of the corresponding massless gauge bosons (‘dark
gluons’) is governed by the Lagrangian,
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with gauge fields Ac
µ, the coupling g = g(µ) running with

the scale µ, and the structure constants f
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1, . . . , N2 ↔ 1. Here, G
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µε is the field strength tensor

and G̃
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µε = 1

2ϱµεϑϖG
ϑϖa is its dual. The ϑ-term implies

the Charge-Parity (CP) violation. The Lagrangian (5)
features color confinement phenomenon at energies be-
low confinement scale, µ ↭ !, such that only composite
states neutral under SU(N) appear in the low-energy
spectrum [37–39] (see Refs. [40, 41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H ↗ 0++, in SU(N)
theories with N = 3, 4, 5. A low-energy e”ective field
theory (EFT) was used to describe this dynamics, where
dark gluon e”ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state, A ↗ 0→+, featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.
Specifically, the 0++ and 0→+ glueball fields are de-

fined in terms of gauge-invariant operators of the lowest
dimension as

H4 ↗ ↔ς(g)

2g
G

a
µεG

µεa
, AH3 ↗ G
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in terms of ς-function ς(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]
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Here, the e”ective glueball potential Ve! satisfies the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]
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µ =
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being an important consequence of the running of the
gauge coupling g(µ) determined by ς(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
ϑ-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its ς-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. (8).
From the Lagrangian in Eq. (7), the dilatation current

can be calculated for a field φ ↗ {H,A} that transforms
as φ↑(x↑) = φ

↑(↼→1
x) = ↼φ(x), leading to
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where #µε is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to ϑ ≃= 0 in the fundamental theory, see Eq. (5).
The parameters ϑ, ci, i = 0, . . . , 4 and the function f can,
in principle, be fully determined by lattice simulations.
Furthermore, the potential in Eq. (10) can be expanded

in power series over glueball excitations ↽ ↗ H ↔ ↽0

and a ↗ A ↔ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball fields
{↽0, a0} ⇐ O(1)!. Then, turning to the mass basis of
these excitations by means of rotation by an angle ⇀, the
resulting EFT potential can be represented as follows,
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No issue with GALPs: new parameter space between ALPs and WIMPs!

Introduction

Introduction

Stochastic Gravitational Wave (GW) background

Superposition of unresolved astrophysical sources

Cosmological events

(i) Inflation
(ii) Cosmic strings
(iii) Strong cosmological phase transitions (PTs) !

by expanding and colliding vacuum bubbles of new phase

GW background as a gravitational probe for New Physics

Focus on the EW phase transition (EWPT) relevant for EW baryogenesis

Study a simple model with multiple-step strongly 1st-order EWPTs

Study the impact of multiple-step strong PTs on GW spectra

APM,RP,TV (AU,LU,NPI,UPS) Multi-peaked signatures of primordial gravitational waves from multi-step electroweak phase transition July 2nd, 2018 4 / 26

Rich phenomenology

Carenza, RP and Wang, PRL135 (2025) 2, 021001
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GALPs Direct Detection prospects: photon mediation
I. Elastic GALP-nucleon scattering with di-photon mediation:

3

where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-

• Polyakov-loop extended LωM + scalar/pseudoscalar glueball: We are putting

together the PLωM (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at finite T and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-flavour QCD [1–3]. Then, as

soon as the constraints from the lattice are satisfied, the next step is to compute relic

abundance of various dark hadron (ω, ε± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

• Direct detection channels for dark hadronic states: add figures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

LH → cH1 ϑHH† + cH2 ϑ
2HH† , Lω → cω1ϑFµεF

µε + cω2ϑ
2FµεF

µε , (1)

where the first term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH1 + v↑ϑ↓cH2 )ϑh. All the EFT couplings cH1,2 and cω1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the ϑ3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM
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What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)
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]4
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
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g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
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where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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It is evident that this emergent scale can be well in the
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scale, e.g. in string theory fa ↭ 10MP [34, 35].
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
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GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
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of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
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pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
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lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
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ment with the EFT bound.
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

• Polyakov-loop extended LωM + scalar/pseudoscalar glueball: We are putting

together the PLωM (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at finite T and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-flavour QCD [1–3]. Then, as

soon as the constraints from the lattice are satisfied, the next step is to compute relic

abundance of various dark hadron (ω, ε± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

• Direct detection channels for dark hadronic states: add figures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

LH → cH1 ϑHH† + cH2 ϑ
2HH† , Lω → cω1ϑFµεF

µε + cω2ϑ
2FµεF

µε , (1)

where the first term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH1 + v↑ϑ↓cH2 )ϑh. All the EFT couplings cH1,2 and cω1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the ϑ3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e”ective operator ϑϖµϑAµ from Ga

µϑ
F µϖGϑ
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-

BUT! The box-amplitude is suppressed  

due to cosmological bounds!
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II. Quasi-elastic GALP-nucleon scattering with photon mediation  
    and emission:

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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✓ As the photon flux in the nuclear target is peaked at low photon  
momentum fractions and transverse momenta, the cross section 
would be dominated to soft “no-recoil” contributions. 

✓ A key novel signature would be a GALP-induced real photon  
emission recoiled against the GALP itself.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ
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Universe temperature T ↓ Tε ⇐ M”, we have
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g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
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photons with similar rates while having similar masses
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
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gGALPε , and the DM relic abundance. We assume that
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$ are relativistic being in thermal equilibrium such that
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hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼
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where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
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where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
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above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-
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III. GALP-to-photon conversion in the electromagnetic field  
  of the nucleus:

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang王志伟 (UESTC电子科技大学) PT and GW in Strongly Coupled DM 2024年6月1日 4 / 56

4

photon interactions are governed by the Lagrangian

Le! → 1

4

∑

i=1,2

[
gωiε ωiFµϑF

µϑ + g̃ωiε ωiFµϑ F̃
µϑ
]
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e”ective couplings satisfy gωiε ↑ g̃ωiε ↓ gGALPε , where

gGALPε = ϖ
2
ϱς

2!→1
[ !

M”

]4
(17)

= 5.3↔ 10→5 GeV→1
ϖ
2
ϱ

[ !

GeV

]3[ M”

GeV

]→4
,

with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)

fa = 22 GeV ϖ
→2

ϱ
→1

[ !

GeV

]→3[ M”

GeV

]4
. (18)

It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of ϖ

2. More specifically, at the
Universe temperature T ↓ Tε ⇐ M”, we have

φε ↑ 2φ” ⇒ T
4
ε , φg̃ ↑ 1

2
ϖ
2
φ” ⇒ (N2 ⇑ 1)T 4

g̃ , (19)

where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T

(0)
ε )

g↑,s(M”)

]1/3[ ϖ
2

4(N2 ⇑ 1)

]1/4
≃ 1 , (20)

where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where we introduced the photon and dark gluon gas tem-
peratures, Tε and Tg̃, respectively, N2 ⇑ 1 is the number

of dark gluon colors and the factor 1/2 reflects the fact
that only half of the $ density is converted to that of dark
gluons in the $$̄ ↘ g̃↼ process. Note, the $$̄ ↘ g̃g̃ re-
action is suppressed by an additional factor of ϖ

2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a”ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as ↽→1

T ⇒
⇓
ϖ, or more specifically,

↽
→1
T ⇐

[
g↑,s(T
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where g↑,s(T
(0)
ε ) = 3.909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. at T =

T
(0)
ε , while g↑,s(M”) = 106.75 refers to the same quan-

tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e”ectively fix-
ing ! and hence mGALP ⇐ 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ↽→3

T !/!0 ⇐ 1, we determine the mass-
coupling relation for GALPs,

gGALPε ⇐ 10→(11.1±0.4)

GeV
ϱ

[
mGALP

GeV

]5/3[ M”

GeV

]→4
, (21)

where ϖ ≃ 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a defining property for the whole class of novel
GALP DM scenarios featuring very specific dependence
on two distinct scales: mGALP ≃ M” and M”. This can
be compared to an analogous relation for QCD axions,
e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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photon interactions are governed by the Lagrangian
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µϑ + g̃ωiε ωiFµϑ F̃
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy ε0 ↑ a0 ↑ ! while the ε-a mixing
angle ϑ is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs ω1,2 interact with
photons with similar rates while having similar masses
e”ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
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with a universal dimensionless coe#cient ϱ expected to
be of order 0.1 – 10. In our proof-of-concept study be-
low, we keep ϱ as a free parameter and introduce a uni-
versal GALP mass scale m1 ↑ m2 ↓ mGALP below.
In numerical analysis we explore the parameter space
{gGALPε ,mGALP} particularly relevant for DM searches
setting bounds on it for the first time while taking ϱ of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values of gGALPε

by a suitable value of ϱ once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e”ective
PQ-like scale by plugging Eqs. (17) into (4)
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental
scale, e.g. in string theory fa ↭ 10MP [34, 35].

GALP mass-coupling relation.— In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass, mGALP, its coupling to photons,
gGALPε , and the DM relic abundance. We assume that
for su#ciently high temperatures T ↗ M” photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e. φε ↑ φ”.
As the Universe cools down to T ↑ M”, $ start to anni-
hilate into ↼ and dark gluons g̃ via $$̄ ↘ ↼↼, $$̄ ↘ g̃↼

or $$̄ ↘ g̃g̃ processes. Due to ϖ ≃ 1, $ annihilation
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GALP DM scenarios featuring very specific dependence
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e.g. gaε = 2↔ 10→10 GeV→1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].
Discussion and conclusions.— In Fig. 1 we show

the parameter space of GALPs constituting the totality
of DM, {gGALPε ,mGALP} being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP ↫ 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a”ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to ↑ O(10→26s→1), or even lower. The slices of
the parameter space for each fixed value of M” are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M”, ϖ). For increasing ϖ the GALPmass and pho-
ton coupling decrease such that the lightest GALP with
mGALP ↑ 120 MeV is reached for ϖ ↑ 2↔ 10→2 indepen-
dently on M”. The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ⇐ M”,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

• Polyakov-loop extended LωM + scalar/pseudoscalar glueball: We are putting

together the PLωM (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at finite T and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-flavour QCD [1–3]. Then, as

soon as the constraints from the lattice are satisfied, the next step is to compute relic

abundance of various dark hadron (ω, ε± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

• Direct detection channels for dark hadronic states: add figures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

LH → cH1 ϑHH† + cH2 ϑ
2HH† , Lω → cω1ϑFµεF

µε + cω2ϑ
2FµεF

µε , (1)

where the first term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH1 + v↑ϑ↓cH2 )ϑh. All the EFT couplings cH1,2 and cω1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the ϑ3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e”ective operator ϑϖµϑAµ from Ga

µϑ
F µϖGϑ

a,ϖ
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✓ The radiated photon takes most of the energy of the GALP 
  but would be produced collinearly in the direction of the GALP

GALPs Direct Detection prospects: photon mediation

✓ Despite possible enhancement from the real photon flux in a heavy  
   nucleus, the CS estimates for available GALP parameter space 
   lead to hopelessly small rates for DD measurements to probe

We need to consider other mediators to possibly enhance the signal!
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What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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Then the elastic scattering graph would have this mixing in the propagator but also
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model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with
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GALPs Direct Detection prospects: Higgs mediation

IV. Higgs mediated elastic GALP-nucleon scattering:

h = cos ωH + sin ω! sin ω ↭ 0.1

LYuk = Y !””̄ Y →!↑ ↓ M!

V” =
1

2
µ2
”!

2 + ε”!
4 + ⊋!HH† + ε”H!

2HH†

POTENTIAL LATTICE IMPROVEMENT

• Study the thermodynamic observables in pure Yang-Mills case. the SU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N2.

4

h = cos ωH + sin ω! sin ω ↭ 0.1

LYuk = Y !””̄ Y →!↑ ↓ M!

V” =
1

2
µ2
”!

2 + ε”!
4 + ⊋!HH† + ε”H!

2HH†

POTENTIAL LATTICE IMPROVEMENT

• Study the thermodynamic observables in pure Yang-Mills case. the SU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the
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to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N2.

4

There are four sources of suppression of this amplitude:  
    By the Higgs mass in the propagator 
    By SU(N) gauge coupling 
    By Higgs Yukawa coupling to the SM fermions 
    Small Higgs-singlet mixing 

Potentially realistic to probe!

What composes the strongly coupled sector?

Dark Yang-Mills theories
Pure gluons ) confinement-deconfinement phase transition
Gluons + Fermions

Fermions in fundamental representation ) chiral phase transition
Fermions in adjoint rep. ) confinement & chiral phase transition
Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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GALPs Direct Detection prospects: Higgs mediation

V. Enhanced Higgs mediated elastic GALP-nucleon scattering

✓ Due to strong dynamics, one could enhance the Higgs 
  mediated scattering, by considering non-perturbative 
  GALP-self-interaction contribution:
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Fermions in 2-index symmetric rep. ) confinement & chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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• Polyakov-loop extended LωM + scalar/pseudoscalar glueball: We are putting

together the PLωM (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at finite T and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2+1)-flavour QCD [? ? ? ]. Then, as

soon as the constraints from the lattice are satisfied, the next step is to compute relic

abundance of various dark hadron (ω, ε± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

• Direct detection channels for dark hadronic states: add figures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

LH → cH1 ϑHH† + cH2 ϑ
2HH† , Lω → cω1ϑFµεF

µε + cω2ϑ
2FµεF

µε , (1)

where the first term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH1 + v↑ϑ↓cH2 )ϑh. All the EFT couplings cH1,2 and cω1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the ϑ3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e”ective operator ϑϖµϑAµ from Ga

µϑ
F µϖGϑ

a,ϖ

ϱ ↔ g(µ)
e(µ)q!

↗ 1

ϱ ↔ g(µ)

Y (µ)
↗ 1
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ω2 ω ↭ 2→ 10→2

h = cos εH + sin ε! sin ε ↭ 0.1

LYuk = Y !””̄ Y ↑!↓ ↔ M!

V” =
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2
µ2
”!

2 + ϑ”!
4 + ⊋!HH† + ϑ”H!

2HH†

POTENTIAL LATTICE IMPROVEMENT

• Study the thermodynamic observables in pure Yang-Mills case. the SU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N2.
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GALP self-interaction can enhance the CS by 2-3 orders of magnitude!
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GALPs Direct Detection prospects: Higgs mediation
VI. Higgs exchange mediated by colored scalar loop

✓ Utilising a heavy dark-coloured scalar instead of the fermion 
  the direct detection CS can be further enhanced due to HSS 
  self-interaction, and avoiding a suppression by the mixing

ω2 ω ↭ 2→ 10→2

⊋ωε
3 ⊋ω ↑ 1↓ 10

mGALP ↫ mh ↔ 125 GeV
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GALPs Direct Detection prospects: QCD mediation
vII. Elastic GALP-nucleon scattering with di-gluon exchange:

3

where ω1 → cωε↑sωa and ω2 → sωε+cωa are the physical
glueball fields, with massesm1 andm2, respectively, with
cω → cos ϑ and sω → sin ϑ, while ϖij are dimensionless
coe!cients. The higher-dimensional operators for i +
j > 4 in the above potential are suppressed by increasing
powers of ”, hence, can be ignored at low energies.

Glueball dark matter.— Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51–67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfying m1/2 < m2 < 2m1

such that both glueball species ω1,2 would be stable and
contribute to the DM abundance after their freeze out.
By naive dimensional counting, in the strong coupling
regime the glueball self-interactions happen with rates of
order ” being extremely e!cient on cosmological scales
close to the dark confinement phase transition epoch at
the critical temperature Tc ↓ ”, i.e. ” ↔ H(Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processes m ↗ n, with the 3 ↗ 2 scattering
being the last one to become ine!cient. This occurs soon
after the confinement phase transition when the glueballs
are non-relativistic at temperature Tf ↭ Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ω1,2 may be
roughly estimated in terms of their mass splitting #m =
m1↑m2 as n1/n2 ↓ (m1/m2)→3/2 exp(↑#m/Tf ) > 10→3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the first-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $ε are well below the
Hubble expansion rate H at T < Tc, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [42, 43],

%DMh
2 ↘ 0.12 ϱ→3

T

”

”0
, 100 eV ↭ ”0 ↭ 400 eV , (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale ”
which is constrained to be in a very wide range [43]

20 MeV ↭ ” ↭ 1010 GeV . (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for ϱ

→1
T ↭ 0.01 and is dictated by avoiding too

strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section ςSI is de-
termined by the GALP mass and satisfies ςSI < ςgeom ↓
1/m2

GALP [69]. We also emphasize that for ” < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
” [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio ϱ

→1
T . In a limit-

ing case of thermal equilibrium between visible and dark
sectors, i.e. ϱ

→1
T ↗ 1, the confinement scale ” ↗ ”0

is constrained to low values within a narrow range in
Eq. (12). Note that ϱ→1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].
Glueball-photon interactions.— In order to intro-

duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ’, acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large mass M! ↔ ” that implies its neg-
ligible impact on the confinement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective interactions between dark gluons
and photons are given by higher dimensional operators
generated at one-loop level by integrating out ’ in the
loop. Thus, the strength of electromagnetic interactions
of glueballs is suppressed and is controlled by a fermion
mass M! and the gauge coupling at that scale, g(M!).
Consider the fermion ’ with an electric charge q! (in

units of e). Then, the gauge coupling g(µ) → φ e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M!, such that φ ≃ 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ’ than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

Le” ⇐ φ
2
↼
2

M
4
!

[
cε G

a
µϑG

µϑa
FϖϱF

ϖϱ+c̃ε G
a
µϑG̃

µϑa
FϖϱF̃

ϖϱ
]
,

(14)
where ↼ → ↼(M!) = e(M!)2/4↽ is the fine structure con-
stant, Fϖϱ and F̃

ϖϱ are the photon field strength tensor
and its dual, respectively, while dimensionless cε and c̃ε

can be evaluated perturbatively at the scale M!. The
EFT description in Eq. (14) is valid as long as ” ≃ M!.
As soon as the temperature drops below Tc ↓ ”, one
turns to composite EFT. Using Eq. (6), then expanding
the glueball fields about their VEVs, and keeping linear
terms in a and ε only, we get

G
a
µϑG

µϑa = ↑8gε30 ε

⇀(g)
, G

a
µϑG̃

µϑa = ε
3
0a+3a0ε

2
0ε , (15)

where g/⇀(g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ ↓ ” corresponding to a large g(µ) ↔ 1. According to
the recent lattice results [71], in this regime g/⇀(g) ↓ 1.
Turning to the mass basis {ε, a} ↗ {ω1, ω2}, the glueball-
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Enhancement due to a large gluon 
density in the nucleus!

The same operator drives GALP di-hadron annihilation in the Galaxy: 
  potentially robust indirect DM detection signature!

 Strong suppression of the GALP -> di-pion -> 4 photons decay channel  

below the di-pion invariant mass!

Color-dark color charged!
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A new approach based upon the well-established thermal EFT and the 
existing lattice results enables one to compute the GALP relic density 
precisely incorporating confinement effects and non-perturbative self-
interactions
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A dark gauge sector with glueball ALPs (GALPs) feebly interacting with the 
SM may explain the DM abundance without spoiling other cosmological 
observables Introduction
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Introducing extra heavy fundamental fields (e.g. fermions, scalars) charged 
under both the dark gauge symmetry and the SM, or coupled to Higgs, one 
generates feeble effective GALP-nucleon interactions that can be, in 
principle, probed by direct detection experiments
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Composite DM framework naturally offers ample opportunities for particle 
physics, astrophysics and cosmology, both for theory and experiments


